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ABSTRACT 
MELANIE J. SMALL: Mechanisms of leaf litter transport as an example of flow-structure-
ecology interactions at the reach scale and microscale 
(under the direction of Martin W. Doyle) 
 
 
A combined flume and field study examined the interactions between structure, 
hydrology and ecology at various spatial and temporal scales. Leaf litter was loosely applied 
as a metric for energy of a stream food web to examine controls on retention and transport in 
response to changing hydraulic regime. Questions examined included (1.) what are the small 
scale mechanisms of leaf retention; (2) do these mechanisms scale up to the reach scale? (3)  
how does channel morphology and structural diversity affect leaf litter retention? (4) as 
hydrology alters, do hydrology and physical structures switch in the hierarchy of drivers 
controlling stream metabolism? At low flood frequencies, hydrology was the main driver of 
leaf storage. At high frequencies, channel structure was most important. Channel complexity 
made the system less sensitive to increased flooding. Turbulence and rate of change in 
discharge were important drivers in leaf mobilization.  
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INTRODUCTION 
 
As the biotic and abiotic components of the Earth’s surface rarely function 
individually, there has recently been a widespread call for further integration of ecology, 
geomorphology and hydrology (Paola et al., 2006). Such integration is hoped to aid in 
environmental forecasting, restoration, conservation, hazard assessment, and numerous other 
applications. However, the differences in relevant spatial and temporal scale between the 
different disciplines, combined with histories of very different research approaches, are 
obstacles that need to be overcome. Streams are a good place to start, as there is variety of 
interactions between flow, physical structure, and any number of ecological parameters 
including light, nutrient availability, colonization, light availability, habitat, and temperature, 
that occur on along a wide spectrum of spatial and temporal scales. Streams have the 
additional quality of being living laboratories, as they include some of the most severely 
impacted and strictly controlled resources on Earth (Nilsson et al., 2005; Dynesius and 
Nilsson 1994). Many streams today have been altered to such an extent that they may 
literally be turned on or off, and large manipulations such as dam removal can be used to 
study the effects of large scale perturbations (Doyle et al., 2003).  Some processes may be 
studied at the watershed scale that may take place over hours or years. Other processes occur 
at the centimeter and micro-patch scale over milliseconds to minutes. However, until 
recently, research rarely incorporated flow, structure, and ecology, and even more rarely 
studied them at multiple temporal and spatial scales. 
 Scale has always been an obstacle to the separate sciences, and now that we are 
integrating disparate sciences, scale may be an even greater problem. However, the key to 
any understanding of an ecological, hydrological, or geomorphological process is in 
knowledge of underlying mechanisms behind any pattern observed at a larger scale (Levin, 
1992). Combination studies where large spatial and temporal scales are accompanied by 
small scale mechanistic studies have many advantages, not the least of which are basic reality 
checks. Do the small-scale drivers scale up to explain large-scale patterns and vice versa? If 
not, we are probably missing something.  Combination studies also have the added benefit of 
allowing better predictive modeling and identification of drivers and possible threshold 
conditions which often remain hidden by scale until threshold conditions are reached. 
With rapid anthropogenic change, the hydrologic, geomorphic and ecologic processes 
are being driven past their typical ranges of variation (Vitousek et al., 1997). At some point, a 
critical threshold condition is met, where small changes result in rapid and often irreversible 
responses (With et al., 1995). At these thresholds, the basic process driving any particular 
variable may change. For example, in the Missouri River, shallow water habitat used to be 
abundant at both low and high flows as stream topography was heterogenous. There, habitat 
was nearly independent of flow regime as it was controlled by the physical complexity of the 
channel. Similar conditions also existed in some smaller channels, where channel complexity 
provided habitat at both low and high flows (Reuter et al., 2003). Now, the bed topography of 
the Missouri is much less heterogeneous due to channelization and the elimination of 
sediment-moving discharges. Shallow water habitat is now controlled by hydrology as it is 
available only at low flow (Jacobson and Galat 2006). 
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 In this study, we use the frequent flood pulses on the side channel of a regulated river to 
simulate a change in hydrologic regime and examine how flow, structure, and ecology 
interact when one variable is pushed past the limits of its typical variation. We use leaf litter 
as an ecometric for energy input to the base of the stream foodweb (Chapt 1). Storage of 
leaves on different types of in-stream obstacles was recorded with each flood, and from this 
data, retention and trapping efficiencies are calculated for each type of structure. Then, a 
simple model is used to examine the effect of structural diversity within the channel on leaf 
litter retention. The model also allows us to examine the various conditions for which either 
hydrology or structure is the main driver of the base energy supply.   
In an additional flume study, we use model leaves to examine the mechanisms for 
leaf movement and storage around boulders and to explain patterns observed at the reach 
scale and the longer temporal scale of the field study. The roles of turbulence, shifting flow 
fields, discharge ramping and boulder over-topping in leaf mobilization are studied with fine 
spatial and temporal velocity measurements. Such approaches are borrowed from sediment 
movement studies, and provide some insight into the possible mechanisms behind leaf litter 
movement.  
 The combined flume and field study is designed to answer several questions: (1.) 
what are the small spatial scale and short temporal scale mechanisms responsible for leaf 
litter retention and movement? (2) do these mechanisms scale up to patterns observed at the 
reach scale? (3) are there important mechanisms we don’t notice at the reach scale with 
current sampling approaches? (4) how does channel morphology and structural diversity 
affect leaf litter retention? (5) when hydrology is pushed to the extremes of its typical 
variation, do hydrology and physical structures switch in the hierarchy of drivers controlling 
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stream metabolism? (6) if so, do switching drivers affect the relative importance of different 
structures and functions within the channel. Thus, (7) does the same type of restoration work 
on streams of different hydrologic regimes, and (8) do our current research methods require 
supplementary approaches? 
4
 
 
 
 
 
CHAPTER I. 
HIERARCHICAL CONTROLS OF LEAF RETENTION AS AN EXAMPLE OF 
FLOW-STRUCTURE-ECOLOGY INTERACTIONS AT THE REACH SCALE 
Abstract 
Stream ecosystems are the products of interactions between hydrology, 
geomorphology and ecology. However studying all three parameters simultaneously can be 
difficult. Analyzing the hydrologic and geomorphic controls on leaf litter storage is an easily-
studied way of examining the possible interactions between the parameters as hydrology and 
structure are pushed past the limits of their usual range of variation. Varying the hydrologic 
regime of a river alters the hierarchy of interactions between flow, organic matter, and 
physical structure. In most systems, storms and floods are the major CPOM-export events, 
but their infrequency in most natural systems may make them less important in the daily 
energy dynamics of the stream than the in-stream structures (e.g. boulder, large wood, etc) 
and geomorphic forms that partially regulate the storage of leaf litter.  
Trapping and retention were examined by experimental leaf releases in a regulated 
stream. Once the frequency of flood events is increased above some threshold, physical 
structure may not be able to maintain CPOM long enough to be processed. The addition of 
more retentive structures may not be able to counteract the effect of frequent floods. Thus, 
increased flood frequency may cause bottom up effects through the food chain by decreasing 
the available particulate carbon pool. Altered hydrologic regime changes the relative 
importance of the functions of the retentive structures. When floods are infrequent, trapping 
efficiency is likely most important to maintain leaves in the stream reach. When floods are 
frequent, the ability of a structure to retain leaves under changing flow conditions becomes 
more important. These are parameters that are met by very different physical architectures, as 
leaf storage depends on the interactions between the structure, the leaf, and local hydraulics. 
Channels which have multiple types of structures may be less sensitive to changes in 
hydrology as they can perform both trapping and retention. 
1.0 Introduction 
1.1 Geomorphology, Hydrology and Ecology 
 
Stream ecosystems are the products of interactions between hydrology, 
geomorphology, and ecology.  However, the physical structure of the channel is frequently 
treated as constant or stable. Thus, research on the linkages between ecology and hydrology 
has often focused on regulated flows and hydrologic variability. For example the natural flow 
regime of a river can be defined by the magnitude of discharge at any point in time and the 
frequency, predictability, duration and flashiness of those events (Poff et al., 1997). A 
tremendous amount of work has examined how deviations from the natural flow regime 
affect stream ecology in terms of recruitment, recovery from disturbance, environmental cues 
for fish, and floodplain-channel connectivity (Poff et al., 1997). However, geomorphology 
has been recognized as a key determinant of habitat as can be seen by the wide-spread use of 
modeling programs like PHABSIM (Maddock, 1999). Geomorphology and hydrology also 
interact to control light, nutrient availability, turbidity, temperature, residence time, dispersal, 
and many other variables of a stream ecosystem. Physical structure and flow regime have 
been found to influence the entire trophic structure of the stream, not only affecting top-level 
consumers, but altering the energy dynamics at the very base of the food chain (Power et al., 
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1995) with influences resonating throughout the food chain through bottom-up and top-down 
effects (Doyle 2006). Any change in the hydrology of a system may affect the relationships 
between the geomorphology and ecology of the system and vice versa. Thus, it is impossible 
to accurately describe interactions between any two of hydrology, ecology and 
geomorphology without considering the influence of the third.  
1.2 Thresholds of Hydrological and Structural Control of Stream Ecosystems  
While hydrology and geomorphology jointly provide a template for stream ecology, if 
either driver is pushed to far beyond its typical range of variation, no amount of manipulation 
of the other parameter will be able to counterbalance the disturbance within a reasonable time 
period. At some point as one driver is pushed past the limits of its typical range, it may 
become dominant as the hierarchy of control between the various drivers switch. For 
example, on dammed and channelized rivers such as the lower Missouri River, regulation has 
almost completely decoupled the morphology of the channel from the flow regime, and the 
shallow-water habitat necessary for young fish is completely dependent on the predominantly 
low flow regime. Previously, heterogenous topography provided shallow water habitat even 
at high flows. Now, even if the flow regime were restored, without the large, socially-
unacceptable, sediment-moving discharges or the artificial creation of a more naturalized 
morphology, more habitat area would not be created (Jacobson and Galat, in review).There, 
both the hydrology and the morphology of the river must be altered synchronously to achieve 
any real habitat restoration. Similarly, in small streams, removing all geomorphic complexity 
by channelization may prevent organic matter retention, allowing all detritus to pass through 
the system unmetabolized (Petersen and Petersen, 1991). Likewise, increasing the flood 
frequency and magnitude past a certain level will also remove most of the detritus before it 
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can be metabolized, no matter how many retentive structures are present. Each of these 
scenarios decreases the amount of energy available at the bottom of the food chain and may 
fundamentally change the stream ecosystem past the point where the damage can be 
mitigated by controlling the other parameter.  
1.3 Hydrologic and Geomorphic Controls on Stream Energy  
 
The energy input to a system, in the form of organic carbon, provides a base on which 
the rest of the food web functions. In streams, the source, quality, and amount of energy are 
functions of the stream hydrology and geomorphology on a variety of spatial and temporal 
scales (sensu Montgomery and Buffington 1997). At the watershed scale, sources of basal 
energy may switch from allochthonous leaf litter, to autochthonous production, and then to 
allochthonous dissolved organic carbon (DOC) based on the progressive change in width and 
depth of the river from its headwaters to the ocean (Vannote et al., 1981). At the reach scale, 
channel geometry interacts with flood-frequency and controls access to the floodplain and 
any new organic matter stored there. Further, pool-riffle scale structure may control the 
presence and absence of algae or moss communities in low-order streams (Wallace et al., 
1997). At the micro-habitat scale, interactions between obstacles, such as boulders and large 
woody debris, and flow produce turbulence and patchy areas of high shear stress, allowing 
different primary producer communities to form within centimeters of each other (Biggs et 
al., 1998). Thus, at all scales, the source of fixed carbon to the stream food web is controlled 
in part by the combined drivers of hydrology and physical structure.  
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1.4 CPOM as an Energy Source  
CPOM is only one small component of the ecology of a stream, but its availability 
has been shown to control the foodweb of small streams (Lepori et al., 2005; Wallace et al., 
1997; Minshall 1967). Coarse particulate organic matter (CPOM) is the dominant input of 
organic carbon in headwater and low-order wooded streams. Three years of litter exclusion 
from a headwater stream at Coweeta, NC had a bottom-up effect on detritivores and 
predators as benthic invertebrate biomass and abundance decreased in most treated areas of 
the stream (Wallace et al., 1997). Leaching, physical abrasion, and consumption by 
invertebrates also break down the CPOM into smaller size fractions which can be used by 
other organisms (Webster et al., 1999).  The amount of energy introduced into the local food 
webs of low-order streams is directly related to the supply of leaf litter from upstream and 
lateral sources and its efficient metabolism before it is exported from the stream reach. 
Therefore, though the ecology of a stream is complex and can not be completely described by 
only one component, leaf litter can be used as a much-simplified ecological metric. The 
hydrologic and geomorphic controls on the litter supply can be easily studied to examine the 
interactions of structural complexity and hydrology on ecology 
1.5 Metabolic Efficiency 
 
Metabolic efficiency is directly related to how long leaf litter remains in the reach and 
is available for consumption by bacteria and detritivores. Retention time depends on several 
variables including transport, or how far the leaf travels before it is trapped by obstacles, the 
frequency and type of obstacles, how long each obstacle can retain the leaves and the rate of 
processing by invertebrates. The following sections will detail how each of these variables is 
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controlled by reach scale hydrology, geomorphology, and by patch-scale structure and 
hydraulics.  
1.5.1 Hydrologic and Geomorphic Control of Transport 
 
In most systems, CPOM is thought to enter a channel, move downstream where it 
becomes captured by channel roughness elements, (e.g. vegetation, coarse woody debris, 
riffles and boulders) and decompose (Webster et al., 1999, Wallace et al., 1991, Fisher and 
Likens 1973). Travel distances, or the distance from when a leaf lands on the water to where 
it is capture by a structure, are relatively short from 0.9-97m (Brookshire and Dwire 2003), 
14-183m (Ehrman and Lamberti 1992, 3rd-order stream) to 886 m (Young et al 1978, 3rd-
order stream). However, it has been difficult to model leaf litter transport as a function of any 
hydrologic or geomorphic control. POM transport has been correlated with stream discharge, 
stream power, channel slope, roughness and stream order (Thomas et al., 2001, Minshall et 
al., 2000, Webster et al., 1987, Webster and Golladay, 1984, Sedell et al., 1978) with varying 
degrees of success, but the relationships are not consistent among streams. Deposition 
velocity, Vdep, and bed shear stress, τb, for small and large particles have little or no real 
correlation with OM transport (Thomas et al., 2001, Sedell et al., 1978). Smaller spherical 
particles have even been found to follow the Shield’s relation, but initial buoyancy, flat 
structure and supply limitation make the application of sediment transport equations 
problematic (Webster et al., 1987; Fisher 1979). In South Africa, transport increased with 
discharge, linearly for one stream and exponentially for another stream (Snaddon et al., 
1992). A comparison of sites in Idaho, Oregon, Pennsylvania and Michigan revealed weak 
relationships between POM transport and unit stream power or channel gradient (Sedell et 
al., 1978).  However, one result is clear: hydrologic regime is a particularly important driver 
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for CPOM transport as most export occurs during storm events (Wallace et al., 1997; 
Webster et al., 1987; 1990 ). 
1.5.2 Hydrologic and Geomorphic Controls on Retention 
Leaf litter retention is a function of interaction between the structure and hydrology 
of the channel. Moving water functions to transport CPOM downstream, to wedge it in 
retentive structures, to strand it at high water marks or to deposit it in low-velocity 
backwaters. The physical structure of the stream determines which of these functions the 
water performs at which discharge and where in the stream. Retention efficiency varies 
among the different types of structures. Sieve-like structures allow water to pass through, 
trapping material. Leaves can wrap themselves around intricate, lattice-like structures, 
resisting changing flow directions that occur with changes in discharge. Simple structures 
may allow leaf litter to simply bounce off. In general, small sticks and woody debris have 
been found to be highly retentive. Ehrman and Lamberti (1992) found that large woody 
debris (LWD) retained the most CPOM, followed by stream edges and vegetation. In 
Oregon, 50% of retention was due to large and small wood in 2nd order woodland streams 
(Brookshire and Dwire 2003). Sticks were the most efficient in the Cascades (Speaker et al., 
1984). Channelized, agricultural streams often have efficiencies reduced by 50% compared 
to natural woodland streams (Petersen and Petersen, 1991). However, the efficiency of 
trapping may depend on both the quantity of LWD in the channels, and the size of the 
channel. Studies of the effect of LWD dam removal on organic matter (OM) retention found 
that removal resulted in a 6% increase in DOM export and a 500% increase in fine particulate 
OM  (FPOM) and CPOM export (Bilby, 1981).  
Frequent physical obstacles are necessary to counteract fluvial transport and retain 
litter within the reach long enough for breakdown and metabolism. The probability of CPOM 
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interception by an obstacle is a main determinant of the relative importance of different 
structures in each stream (Lepori et al., 2005; Webster et al., 1994). If LWD is lacking, or if 
the stream is wide enough, rocks and boulders may become more important sites of retention 
as their frequency increases.  In Ball Creek, debris dams, logs and sticks accounted for only 
17% of retention, while boulders and rocks were responsible for 72% of dowel retention 
(Young et al., 1978).  
Re-entrainment from obstacles and low-velocity areas depends on the structures’ 
unique interactions with the changing flow patterns. In general, resuspension is thought to 
depend on exposure to storm events. Compared to rates of litter breakdown and metabolism, 
infrequent storms are not thought to decrease the assimilation of allochthonous carbon into 
the food web in most streams (Wallace et al., 1995; Webster et al., 1999). At Coweeta, NC, 
transport was based on yearly rainfall and discharge, allowing CPOM to build up over multi-
year cycles (Wallace et al., 1997). During a severe drought, CPOM was retained for up to 3 
years before remobilization during flood flows. However, in systems with more frequent 
floods, resuspension may be increasingly important in limiting the metabolic efficiency of 
the system.  
1.5.3 Structure and Hydraulic Control of Invertebrate Metabolism 
 
Metabolic efficiency is directly related to how long leaf litter remains in a reach and 
to the spatial distribution of it related to suitable hydraulic habitat for detritivores (Hoover et 
al., 2006). Invertebrates are one of the major consumers of CPOM availability and may 
regulate energy availability to higher trophic levels (Wallace et al., 1982). However, if the 
habitat is not suitable for invertebrate detritivores, decomposition occurs at a much slower 
rate (Hoover et al., 2006) as it relies on microbial respiration and physical abrasion (Petersen 
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and Cummins 1974). Habitat and leaf litter processing areas are determined largely by local 
hydraulics and topography. For example, riffles and pools have been found to be “fast” and 
“slow” processing zones, respectively due to shredder abundance and mechanical 
fragmentation (Cummins et al., 1980, Hoover et al., 2006). The structure and hydrology of a 
stream has to provide adequate habitat for invertebrates for there to be efficient CPOM 
consumption. Thus, hydrology and channel structure control stream metabolism through both 
CPOM storage and creation of invertebrate habitat. 
1.6 Purpose and structure of paper 
 
If the hydrologic regime is altered such that storm or flood frequency increases, the 
mass of detritus retained in the channel and the time any one piece remains stationary should 
decrease. This would reduce both the amount of carbon available and the ability of stream 
organisms to metabolize it before re-entrainment. If detritus is a control of the trophic 
structure of the stream ecosystem, then any change in flood frequency may have effects that 
are propagated throughout the food chain through bottom-up interactions.  
The specific interactions between the flow, the CPOM and retentive structures may 
also change. Structures that are able to retain leaves during base flow or after one flood  are 
important for stream metabolism in natural streams, but may not be able to retain leaves 
under a variety of quickly changing flow conditions, and thus might be less important in 
streams with rapidly or regularly varying discharge. It is hypothesized that frequent floods 
will drastically reduce the total retention of a stream reach, and that different retentive 
structures will be better able to maintain leaves under high or low-frequency flood 
hydrologies. Streams with a variety of structures may be less sensitive to changes in flow 
regime and may be better able to maintain the energy base of the system. 
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2.0 Methods 
 
This study examined 1.) the threshold in flood frequency where the control on the 
amount of CPOM retained in the channel switched from hydrological to structural, and 2.) 
the change in the relative importance of different structures in retaining CPOM with 
increasingly frequent floods. To accomplish this, we required a wadeable channel with a full 
variety of naturally-occurring retentive structures, frequent, predicable floods and a known 
input of leaf litter or an accepted surrogate. Releasing pre-soaked, Rite-in-the-rain paper as 
leaf surrogates into the stream replicated past studies on leaf litter retention (Webster et al., 
1994). Continuing to track the leaf litter over many successive floods allowed us to examine 
how far flooding frequency has to be pushed from its typical range to alter the dynamics of 
leaf litter retention from those usually seen during typical CPOM release studies.  
2.1 Study Site 
 
Located in the Adirondack Mountains, the Indian River is a high-gradient (slope ~ 
0.12), cobble and boulder bed river (Figure 1.1). The geology of the area is dominated by 
metamorphic rock overlain with glacial till and erratics deposited during the retreat of the 
Wisconsin glaciation ~10,000 ybp. The hydrology of the un-dammed system is driven by 
snowmelt and local summer thunderstorms. The Abanakee dam is located 4.5 km upstream 
of the confluence of the Indian River with the Hudson River. The hydrology of the river 
below the dam is determined by the water demand for white-water rafting and kayaking. 
During the summer, these recreational releases increase the discharge by an order of 
magnitude (5 to 40 m3s-1) 4 times a week for between 75 minutes and 2 hours (Figure 1.2).  
The main channel of the river was not wadeable at high flow and was too large to 
perform the paper release in the time available. There was also evidence of significant 
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removal of woody debris for rafting safety. However, a small side channel received the same 
flood pulse as the main channel. The study reach within this small side channel was 110 m 
long and varied in width with the flood pulse from 6.3 m to 8.6 m (Table 1.1). With each 
flood pulse, discharge increased from ~0.02 m3s-1 to 2.00m3s-1 in 4 to 13 minutes and 
remained elevated for 75 to 120 minutes. To obtain high and low flow discharges, velocity 
was recorded upstream and downstream of the study reach once during a low flow and a high 
flow using a Marsh McBirney velocity meter. Discharge was calculated using the subsection 
method (Kondolf and Piegay 2003).  
The channel was dominated by a pool-riffle sequence with D50 of 550mm to 760mm 
in the pools and 600mm to 1100mm in the riffles (Table 1.2). Pool and riffle sections of the 
study reach were determined using the water surface slope and the longitudinal profile over 
the study reach. Each pool and riffle was used as a separate “patch” for analysis. 
2.2 Paper Release 
 
Following previously established methods for leaf-surrogate releases, Rite-in-the-rain 
paper was cut into 115mm x 175 mm rectangles (Webster et al., 1994), and presoaked for 
one week in river water to obtain neutral buoyancy. The rite-in-the rain paper is similar to 
real leaves in its flexibility and initial water-resistance. After several days in water, paper and 
real leaves both become water logged.  
A net was stretched across the channel at the end of the study reach to prevent loss of 
paper rectangles into the main channel and to calculate total export from the reach. We 
conducted two separate paper releases (n =400 and n=800). The pre-soaked paper was placed 
on the bed at the upstream end of the study reach before the gates were lifted at the dam (a 
“flood”). After each of 8 to 9 floods, the amount caught in the downstream net, the position 
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in the longitudinal profile, number, and type of retention structure were recorded without 
disturbing the paper. Structures were classed as bed (on substrate <10cm high), boulder (>10 
cm high), sticks (wood <10 cm in diameter), wood (wood > 10 cm in diameter), bank, and 
backwater. Backwater was the designation for a sheltered low-velocity, low-shear stress 
section immediately downstream of the paper release point. Dimensions perpendicular to 
flow, parallel to flow and perpendicular to the bed were measured for each boulder that 
retained a leaf. No movement was observed during base flow, so all paper movement was 
assumed to occur during the flood pulses.  
2.3 Analysis 
 
Data were analyzed separately for in-stream structure types and for patch types. For 
structure types, analysis was performed on each structure type (i.e. bed, boulder, stick, etc.) 
as summed over the entire reach. Patches were delimited by the extent of each pool or riffle 
in the stream. Patches were analyzed individually (n=6), and data were normalized by the 
number of leaves entering each patch. 
2.3.1 Structure Type Retention Efficiency 
 
Retention efficiency was defined as the ability of each type of structure to retain 
leaves over time. For each type of in-stream structure, retention was calculated by fitting the 
number of leaves stored over time to a negative power curve 
 ( ) battS −=         Equation 1 
where S is the number of leaves stored by all of the individuals of the same structure type as 
a function of t, time. Other similar studies focusing on uptake length using the spiraling 
concept use a negative exponential model (Hoover et al., 2006; Petersen and Cummins 
1974). However, our data were consistently a better fit to a negative power curve.  
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The coefficient, a, is a measure of initial leaf trapping. The value of a is a 
combination of supply, trapping efficiency and frequency of the type of structure. With 
structure types, supply to each obstacle and the frequency of the obstacle were not known, so 
for structures, values of a as a whole are examined and represent the trapping efficiency of a 
structure type summed over the whole channel. The exponent, b, is a measure of retention 
efficiency. Higher values of b indicate a faster rate of loss over time and lower retention 
efficiency for a particular type of structure.  
2.3.2 Patch retention 
 
2.3.2.1 Dynamics over Time 
 
The curve S(t) used above was fit to retention at individual patches. However, the use 
of the model in this spatially explicit scenario did not sufficiently describe the patterns of leaf 
retention as the leaves from upstream moved downstream, constantly altering supply. So, to 
more accurately model the leaf retention, the equation S(t) for each patch was normalized by 
the supply to each patch. 
Location and frequency of the different patches is known. Each patch was analyzed 
separately so that according to equation 1, a could be separated into its components where 
sfTa =          Equation 2 
Where s is the supply of leaves to each bedform or patch, f is the frequency of the 
patch, known to be 1 as we are considering the patches separately, and T is the trapping 
efficiency. When substituted into the main equation for the number of leaves stored at each 
patch at time t,  
bsfTttS −=)(         Equation 3 
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By fitting a power regression to the values of S(t) normalized by the frequency (f =1 
for each patch) and the supply, s, the equation gives 
( ) bTt
sf
tS −=         Equation 4 
Supply is the total number of leaves that have moved into each patch over all floods 
up to time equal to t.  It is calculated by  
∑−−= 1
1
)()(
d
dd tSIts        Equation 5 
Where s(t)d is the total supply over time at location d, i.e. the number of leaves that 
float downstream to a structure, d is the downstream order of patches from 1 to 6, and I is the 
initial supply, either 400 or 800 leaves. This way, the trapping efficiency for each individual 
patch (n=6) can be determined explicitly, without interference from unknown supply or 
frequency. 
2.3.2.2 Dynamics at a Point in Time 
 
The above analysis is cumulative, examining trapping and retention over time and the 
effect of each additional flood on total retention. Additional information can be seen by 
examining how many leaves move past each patch during each flood. If the number of leaves 
floating increases with additional patches downstream, the patch has served as a source and 
has donated leaves to the water column. If the number of leaves in suspension decrease 
downstream of the patch, the patch has served as a sink. The number of leaves that exit each 
patch is 
∑
=
−− −−=
d
d
ddd tStSty
1
11 )()1()(       Equation 6 
Where y(t)d is the number of leaves leaving the patch at distance d from 1 to 6.  
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3.0 Results 
3.1 Total Retention by the Study Reach 
 
Both paper releases with n=400 and n=800 yielded similar results. After the first 
flood, 30-35% of the leaves were completely routed through the study reach and collected in 
the downstream net (Figure 1.3). 20-30% remained along the original cross-section and the 
rest were distributed along the reach. With subsequent floods, fewer leaves were retained in 
the reach, i.e. not mobilized. The percentage of leaves retained as a function of the number of 
floods followed a negative power curve (r2=0.99 and 0.96). By the last flood, 30-33% of the 
original leaves were still retained within the reach, and few leaves were exported during the 
last floods. In this system where bankfull flood pulses occur four times weekly, 8 and 9 
floods transported 62 % and 69% of leaves respectively out of the study reach in 12-15 days.  
  
3.2 Retention by In-Stream Structures 
 
With successive flooding, the proportion of leaves remaining in the channel retained 
by each structure type changed.  This was a function of the number of leaves initially 
captured, a, and the rate of gain or loss of each structure type, b, compared to the other 
structure-types present in the channel.  
3.2.1 Sticks and Small Woody Debris 
 
Sticks had the highest total retention, S(t) in both paper releases and through all 
floods in retaining leaves. In the first release (n= 400), the number of leaves retained by small 
wood increased from 66 to 77 over time and remained constant around 70 leaves, or 17-19% 
of the total leaves released (Figure 1.3). In the second release (n=800), leaf retention by small 
wood decreased following a negative power curve (r2=0.94) from 221 (28%) to 155 (19%) by 
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the 6th flood, and then vacillated between 19 and 20% (Table 1.3). Sticks had the highest 
retention values with b values of -0.036 and 0.17 (note that high b values indicate a higher 
rate of loss and lower retention efficiencies) and very high a values, indicating a high 
trapping efficiency.   
3.2.2 Boulders 
 
In the first paper release, boulders retained 38 leaves (9.5%) after the first flood 
(Figure 1. 3), and then increased to 57 leaves (14%) after the third flood. Over floods 4-8, 
retention by boulders gradually reduced to 22 (5.5%). A power curve fit these data poorly 
(r2=0.29). While 5.5% retention of leaves originally released is not a large number of leaves, 
by the 8th and 9th floods, boulders were the second most retentive structures in both paper 
releases. In the floods following the second paper release, retention by boulders fit a negative 
power curve well (r2=.91) with b value of 0.65 and no plateau in loss by the end of the study 
period. For the first paper release, the average width and length of boulders retaining leaves 
generally increased as leaves were preferentially mobilized from behind smaller boulders 
(Figure 1.4). There were no trends in boulder dimensions and leaf retention in the second 
paper release. Boulders had high a values of 51.9 and 138.55 and high b values, indicating 
that they initially captured high numbers of leaves, but lost them rapidly over several floods.  
3.2.3 Backwater 
 
After the first flood for both paper releases, backwater area retained 30 and 35 leaves, 
respectively (7.5%, 4.4%, Figure 1.3). The backwater area maintained its leaves consistently 
after the 2nd flood in both paper releases, with 7 and 21 leaves (1.8%, 2.6%) respectively. 
After the 7th and 8th floods of the first paper release, the recorded number of retained leaves 
increased, as leaves buried by sediment were recovered. The backwater had low values for 
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both a and b, indicating that the backwater captured a small number of leaves but retained 
them efficiently. 
3.2.4 Large Woody Debris 
 
In the first paper release, large wood initially retained 73 (15.3%) of the leaves 
released (Figure 1.3) corresponding with a high a value. Leaves were quickly lost from large 
wood structures (Table 1.3) to level off at approximately 16 (4%) of total leaves released 
after 6 floods. The second release, wood structures retained 40 leaves (5%) which quickly 
declined to 1.3%.  In both cases, retention efficiency was low with high b values of 0.85 and 
0.73.  
3.2.5 Bed 
 
After the initial flood of both paper releases, a significant amount of paper remained 
on the bed, 70 and 98 leaves respectively (17.5%, 15.1%) (Figure 1.3) as corresponds with 
the high a values. After subsequent floods, retention by the bed decreased rapidly with the 
highest b values of 1.03 and 1.04 indicative of extremely inefficient retention (Table 1.3). 
After initial rapid decline in the number of leaves retained, loss of leaves from the bed 
plateaued at 7 leaves after the 7th flood in the first paper release (1.8%) and the 8th flood in 
the second paper release (0.9%).  
3.2.6 Bank 
 
The bank caught few leaves, but retained them well. A power curve did not fit these 
data well (r2=0.37 and 0.55). After an initial increase to 18 leaves (4.5%) in the first paper 
release, retention by the bank vacillated between 4 and 8 leaves (1-2%) after the fourth flood 
(Figure 1.3). During the second paper release, retention by the bank fell to 13-15 leaves (1.5-
2%) after the third flood and remained constant for the rest of the experimental period. In 
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spite if the efficient retention with b values of 0.43 and 0.21, the bank was not an efficient 
store for leaf litter with the low initial trapping.  
3.2.7 Summary 
 
In both paper releases, sticks initially captured high numbers of leaves (Table 1.3) 
and had the lowest b value, indicating that they lost leaves least quickly. The bed also had 
high initial trapping numbers but had the highest b values. By the end of the study releases, 
the bed ranked only 5th and 6th in relative retention (Figure 1.5). Similarly, large wood 
captured a large proportion of leaves with the initial floods, but lost them quickly and ended 
with 3rd or 5th rankings. Banks and backwaters did not capture many leaves but lost them 
slowly. Boulders ranked second in retention by the end of both release periods. High 
retention by boulders after both trial periods was related to medium rates of loss and high 
initial capture numbers.   
3.3 Longitudinal Retention 
 
The distribution of leaves down the channel was marked by long areas of low 
retention and short areas of high retention that were common for both paper releases. The 
paper was released at the upstream portion of the study reach (distance=0m). Initial retention 
was high in a backwater located 5 meters downstream (Figure 1.6). At 10 meters, a large 
fallen tree completely spanned the channel at high flow, though water could move easily 
below it. Leaves were re-entrained with successive floods from the large woody debris, while 
small sticks retained by the large tree trapped and successfully retained leaves. Leaves 
trapped after the first flood between 20 and 50 meters were quickly washed downstream with 
the following floods. Most additional retention occurred in the middle of the reach from 50-
70 meters. This area was a riffle with large bed material (D84=250 mm, Table 1.2) that had 
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stabilized a large dead tree trunk and crown, which in turn has retained many small sticks 
which projected into the flow. This small woody debris had high trapping and retention, 
stranding leaves out of water at low flow. By the end of the study periods, 25-33% of leaves 
remaining in the channel, or 8-10% of all leaves originally released, were stored in this reach 
between 50 and 70 meters Few leaves were stored in the remainder of the reach.  
3.4 Bedform Retention 
 
Longitudinal patterns were also examined according to retention in riffles versus 
pools (Figure 1.7). The pool located furthest upstream (station 0-27 m) and  the middle riffle 
(station 51-70m) were the areas of the highest initial capture of leaves and retention over 
time in terms of bulk number of leaves and the number of leaves normalized by the area of 
the geomorphic features (Table 1.2). All other pools and riffles showed minimal values and 
patterns of retention and over time (Figure 1.7.). There was no significant difference between 
pools and riffles in general in their total retention. 
3.4.1 Retention and Trapping Efficiencies 
 
The proportion of trapping and retention to the cumulative number of passing leaves 
over time, S(t)/s, decreased over time following negative power curves for all bedforms in 
both paper releases (Figure 1.8) with the exception of 103-108 m pool in the second release 
(r2=.13 Table 1.4). In both paper releases, the first pool, located downstream of the paper 
release point had the highest trapping, likely an artifact of its proximity to the release point. 
The first riffle downstream has the highest b value of 1.36, indicating extremely poor 
retention efficiency, and one of the lowest T values indicating inefficient trapping. The 
middle riffle had high T values and low b values indicating high trapping and retention 
efficiencies. Though statistically insignificant, pools on average had higher T values and 
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lower b values, indicating they may be more retentive than riffles despite the fact that by the 
end of the experimental periods, the middle riffle retained 25-37% of all paper remaining in 
the reach.  
3.4.2 Switching Sources and Sinks 
 
The number of leaves in suspension either increased or decreased as they passed 
bedforms depending on the ability of the patches to capture new leaves from the water 
column or donate new ones with remobilization. This serves as a shorter-term reality check 
for the terms T and b for the trapping and retention efficiencies. The values of T and b 
represented the behavior of each patch over the entire period of the study. However, this 
analysis showed that the trapping and retention varied with time as the leaf wave or slug 
moved downstream. Upstream riffles and pools (28-70 m) switched from sinks to sources 
during the third flood (Figure 1.9) as the leaf slug dispersed downstream. The middle riffle 
was predominantly a sink with a net removal of leaves from the water column. This 
substantiates the high T and low b values found for that patch (Table 1.4).    
4.0 Discussion 
4.1 Overview 
 
The trapping and retention of leaf litter is an easily-studied example of the many 
possible interactions between ecology, geomorphology and hydrology. This study has 
allowed us to quantitatively separate out the mechanisms behind leaf litter retention and 
examine the effect of changes in any of those drivers. It has illustrated that hydrology 
determines which structural function, trapping or retention, controls the energy pool of the 
stream. Trapping and retention may be performed at different efficiencies by different 
structures, and the relative importance of these functions is determined by the hydrology of 
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the system. The channel’s structural complexity controls its ability to switch between 
functions as hydrology changes, and thus regulates the pool of CPOM and buffers it from 
changes in hydrology. The relative importance of hydrologic regime and physical structure 
may switch as the parameters are pushed towards the limits of their typical range. 
4.2 Trapping and Retention by In-stream Structures 
 
CPOM trapping can occur by a number of biologic, hydrologic and structural 
mechanisms including stranding above the water line, suction through sieve-like structures, 
wedging between objects or between objects and the substrate, blocking of flow paths, burial 
by sediment or other detritus, adhesion to sticky biofilms, and settling in low shear stress 
zones. Re-entrainment can be due to increased stage height, altered flow paths, removal of 
overlying material, mechanical fragmentation, increased shear stress, and removal of 
blocking objects. Storage of leaves by a structure depends on its architecture and how that 
facilitates trapping and the leaf’s resistance to mobilization by changing flow conditions. The 
architecture of each of the in-stream structures studied is distinct and interacts differently 
with local hydraulics.  
4.2.1 Differential Influence of Flood Frequency on Retention 
 
For structures where the retention efficiency, b, is equal to 0, or there is no net gain or 
loss of leaves, storage is entirely dependent on trapping efficiency, T. For structures that 
follow this type of regression, such as banks and backwaters, storage is independent of time 
and flooding except in the cases where floods may introduce more supply. Storage for these 
structures is dependent on supply, frequency of the object in the channel, and trapping 
efficiency. In our study, we could not separate trapping efficiency from supply and 
frequency, as we did not record frequency of the objects. Other studies show that values for a 
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as a whole are likely high for backwaters and banks (Snaddon et al., 1992), though ours are 
fairly low. For other structures, the magnitude of the effect of frequent flooding depends on 
the retention efficiency, b. Storage on sticks is less affected by frequent flooding than storage 
on boulders, bed, and large wood. Storage by sticks is also high due to a high value of a, 
probably due to a combination of high frequency in the channel (personal observation) and 
high trapping efficiency due to large surface area and extension into flow. Thus, the 
dependence of CPOM storage on flood frequency differs between structure types, with some 
structures being almost independent of the number of floods and others being strongly 
influenced by flood frequency.  
4.2.2 Structure Architecture  
 
Trapping and retention efficiency are functions of the architecture of each type of 
structure and how it affects the flow of water around it. Trapping is accomplished by objects 
with a large amount of surface area extending into the channel perpendicular to flow or in 
areas with low velocity and shear stress which allow CPOM to settle out of suspension and 
be buried by sediment and other seston. Retention with varying flow conditions is 
accomplished best by structures that maintain leaves even with altered flow paths, increased 
stage height, and increased shear stress. Large woody debris like tree trunks provide a large 
surface area for trapping, but changing flow directions with increased velocity and discharge 
easily dislodge leaves from the smooth surface. Large amounts of CPOM are deposited on 
the bed after the first flood when velocity and shear stress decreases. With succeeding floods, 
they are easily re-entrained and flushed from the reach, as the lack of structural complexity 
increases their sensitivity to altered flows.  However, backwater areas provide low shear 
stress environments even during large floods, though trapping depends on the small 
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probability that leaves will enter. Boulders are smooth structures, architecturally similar to 
large wood, with a high enough frequency to have a large total surface area. Flume studies 
show that nearly vertical upstream faces are best at retaining leaves, perhaps due to the 
upstream stagnation point (Hoover et al., 2006, Nowell and Jumars 1984), but trapped leaves 
are also easily dislodged by fluctuating flow patterns. Small sticks provide large surface area, 
high frequency, and create “sieve-like” traps  Even at high flow, water flows through small 
debris accumulations, creating a suction-like hold on leaves, eventually wedging them in 
place. The flexibility of leaves allows them to wrap around small wood and vegetation and 
resist changes in flow direction (Cummins et al., 1980; Prochazka et al., 1991). Smooth, 
simple structures provide no structural intricacies to catch leaves when flow changes. Sticks 
and bank vegetation are architecturally complex, providing multiple surfaces to hold leaves 
against changing conditions.    
4.3 Bedform Controls on Patch Retention 
 
Trapping efficiency, T, was highest in the riffle and pool from 51-102 m. There was 
very little consistency in T among pools and riffles, which could not be explained by 
substrate size. However, the 51-70m riffle had extremely large boulders that anchored a large 
tree crown, which had in turn trapped a large amount of small wood and sticks. The tree 
crown and sticks continued down into the next pool from 71-102m. The trapping efficiency 
of these two bedforms is thought to have very little to do with what kind of bedform they are, 
and more to do with the small sticks and other structures which were in them.  
This is in contrast with many other studies that found that bedforms play a significant 
role in structuring the spatial distribution of CPOM retention. In two streams in South Africa, 
riffles were found to be 6 to 26 times more retentive than pools (Prochazka et al., 1991). In 
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Michigan, leaves were found to move from riffles to pools over time (Cummins et al., 1980).  
According to the velocity reversal hypothesis, pools become scouring zones during high flow 
as near-bed velocities become greater in pools than in riffles (Keller, 1971). Deposition of 
fines occurs in the falling limb of a storm and at low flow. This would indicate the material is 
flushed from pools during high flows and only deposited during low flows, making it a short-
term sink in systems with frequent high flows. The distribution of leaf litter between pools 
and riffles observed before and after the flood in our study may not be indicative of locations 
of scour and deposition during the flood. In a pool, there may be leaves present before and 
after a flood, but they may not be the same leaves, disrupting calculations of residence time 
necessary for invertebrate consumption. This is important to note, as most ecologists view 
pools as “depositional” and riffles as “erosional” (Cummins et al., 1980), but 
geomorphologists, who typically deal on a different time scale, view them conversely.  In 
British Columbia, pools retained leaves more efficiently than riffles at base flow (Hoover et 
al., 2006), however, in Oregon, the opposite was true (Speaker et al., 1984), further 
substantiating that any relationship between bedform and trapping efficiency may vary 
considerably in space and time and may be overwhelmed by the trapping and retention 
efficiencies of any structures located within the bedform.  
However, bedforms, channel geometry, and bed material are important in initiating 
the sequence of events that allows small sticks and other high retention efficiency structures 
to be deposited on the bed. In the stream studied, the most retentive section was the middle 
riffle, from 51-70 m. This section was unique due to the presence of several large boulders. 
The boulders had stabilized a large tree trunk and crown, and the LWD stabilized small 
sticks. This was not a fully-formed debris jam, as the LWD was oriented parallel to flow did 
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not seem to alter flow direction. While the large bed material did not retain the CPOM 
directly, they were a necessary part of the underlying structure ultimately necessary for 
CPOM retention. The larger scale geomorphic structure of the stream may drive the smaller 
scale distribution of in-stream structures, indirectly altering the energy dynamics of the 
system. 
4.4 Reach Scale Implications 
 
Equation 1 has worked so far with a one-time slug input of leaves to the system. Over 
a longer time scale, this can be related to the one-time fall input with leaf senescence.  If the 
supply is constant for all retentive structures, then the equation can be summed over all 
retentive structures to arrive at a total retention in the stream.  
[ ]...)( ++++= woodsticksbankbed bwoodwoodbstickssticksbbankbankbbedbedreach tfTtfTtfTtfTstS  Equation 10 
The variables T and b are assumed constant for each type of structure, so to increase storage 
on the bed, several things could be varied. First, supply could be increased, but at some point 
it is likely that the system will become saturated and will be unable to trap any more leaves. 
Second, the frequency of the structures could be increased. Third, time, here measured as the 
number of floods, could be decreased (on regulated rivers like the one studied). This storage 
partitioning provides a unique way of examining the sensitivity of the system to changes in 
any of these parameters. 
4.4.1 Modeling the Effect of Reach Scale Structural Heterogeneity and Resilience to Frequent 
Flooding 
 
Equation 10 is easily implemented to examine the effect of variation in structure type 
and frequency on retention, S(t), over time in a modeled channel similar to the study site. 
This is a back-of-the-envelope calculation, but it does serve to illustrate the influence of 
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structural heterogeneity on stream retention. The observed values for a were divided by the 
supply, either 400 or 800. These a/s and the b values from the study were substituted into the 
model with a constant supply of 1000 leaves. While we do not know the exact frequency of 
each stick or boulder in the channel, we can change the frequency of the structures in the 
model channel by adding twice or three-times the amount of any structure found in the 
stream or by deleting a structure-type completely.  
4.4.1.1 The Scenarios 
Five scenarios were modeled (Figure 1.10). The first was the natural channel, with all 
structures at the same frequency they were found in the channel. When the modeled data 
were compared with the experimental data, the model matched the n=400 data well but 
slightly over-estimated the n=800 data. The second scenario modeled a channelized stream, 
with retention only by the bank and bed. The third modeled a stream with large wood 
restoration, with original bank and bed frequencies and 5 times the large wood frequency of 
the natural channel. Likewise, a boulder restoration was modeled with original bank and bed 
frequencies, and twice the boulder frequency of the natural channel. The final scenario was a 
channel similar to the natural channel but with no supply of small wood and sticks.  
4.4.1.2 Hydrologic Control of Structural Function 
The modeled scenarios show several main points. First, the trapping efficiency of the 
channel as a whole determines the energy input to the system for approximately the first 
three floods. For example, there is a 45% difference in leaf storage between the wood 
restoration and the boulder restoration scenarios, due to the different trapping efficiencies. If 
these three floods were spread out over the year, this would be similar to channels found in 
snow-melt systems and temperate forests. Then, after approximately the third or fourth flood, 
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the retention efficiency of the channel is a stronger determinant of litter retention in the 
channel. Though the wood restoration scenario initially trapped more leaves than the boulder 
restoration scenario, it lost them quickly, and by the end of the modeled period, both 
hypothetical channels retain the same amount. The frequency of floods determines which 
structural function, trapping or retention, drives the energy base of the channel. 
4.4.1.3 Structural Complexity Buffers Against Changes in Hydrology  
Channels with a more diverse set of obstacles may bet better able to resist changes in 
hydrology. They may be more resilient to infrequent floods as they have both structures with 
high trapping efficiencies and structures with high retention efficiencies. The modeled 
natural channel has high capture and retention. The large wood restoration has high capture 
and low retention. The channelized reach has low trapping rates and low retention. Thus, it 
appears that structural complexity buffers the stream energy pool against changes in 
hydrology. 
However, adding structural complexity to a stream may not be enough when 
hydrology is pushed past a limit. In the natural channel, after 7 floods, only 35% of the leaf 
litter remained (Figure 1.10). Also, caution must be exercised when using equation 10. While 
it models storage as a function of time, it does not necessarily measure other parameters 
necessary for the CPOM organic carbon to be incorporated into the food chain. The spatial 
distribution of the leaf litter is important to detritvores (Rempel et al., 2000). Patch size and 
location are also important. There may be a large quantity of CPOM stored in the channel, 
but due to anoxic conditions, it may be less efficiently metabolized if it is all tied up in one 
large debris jam (Cummins 1973). Mechanical fragmentation may be faster than invertebrate 
processing in some high-energy locations (Hoover et al, 2006), and this difference may be 
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exacerbated by frequent floods (Gurtz and Tate 1987).  However, it is clear that all other 
parameters held constant, an increase in flood frequency drastically reduces CPOM in the 
stream reach. This restriction on the energy input might be carried up through the food chain 
and reduce detritivore and predator populations (Wallace et al., 1997).  
4.5 Implications for other ecosystem 
 
In streams with fewer floods, trapping efficiency may be suitable to maintain the 
energy pool. In streams with more frequent floods, retention is more important. Urban 
streams also experience alterations to each variable in the equation. CPOM supply is reduced 
from loss of riparian buffers; channelization may reduce the frequency of retentive structures; 
and frequency of high-intensity events can be increased in areas with increased impervious 
and reduced evapotranspiration (Rose and Peters 2001). Thus, CPOM storage in urban 
streams may depend on a different function and type of structure than unimpacted rural 
counterparts.  This is relevant for stream restoration initiatives. In urban streams or streams 
like the study reach where hydrology dictates that retention and not trapping controls the leaf 
litter store, large woody debris and boulders will not perform suitably unless there is also a 
supply of sticks and mid-sized material.  
5.0 Conclusion 
 
This study allowed us to model the interactions between hydrologic, biologic and 
physical variables on the energy inputs to the system. While limited in scope, it did allow us 
to examine how the interactions between these variables change as hydrology is altered The 
main finding from this study indicates that varying the hydrologic regime of a system alters 
the hierarchy of interactions between flow, organic matter, and physical structure. In a 
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modeled system, hydrology controls leaf litter storage for the first 3 to 4 floods. With 
increased flood frequency, the physical structure controls leaf litter storage. However, once 
the frequency of flood events is increased above some threshold, physical structure may not 
be able maintain CPOM in place for a long enough time period to be processed or provide 
safe habitat for herbivores. The addition of more retentive structures may not be able to 
counteract the effect of frequent floods. Increased flood frequency may cause bottom-up 
effects through the food chain by decreasing the available particulate carbon pool. Also, the 
functions of the retentive structures change importance when flood frequency is increased. 
When floods are infrequent, trapping efficiency is likely most important to maintain leaves in 
the stream reach. When floods are frequent, the ability of a structure to retain leaves under 
changing flow conditions becomes more important. These are parameters that are met by 
very different physical structures, and retention efficiency depends on the interactions 
between the structure, the leaf, and local hydraulics. The ability of a reach to maintain a store 
of leaf litter through changing hydrology depends on the ability to switch between functions, 
which is mediated by complexity in which many different types of structures are present. 
This is only one small example of how the hydrologic, biologic and physical drivers on a 
system can not realistically be examined separately. 
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Figure 1.1: Study site. Plan view, longitudinal profile, and cross sections of the stuy reach of the side 
channel.  X1 is located at the upstream pool.  X2 is located at the middle riffle.  X3 is located at the 
downstream riffle. 
X 1
X 2
X 3
34
Figure 1.2: 15-minute discharge data from the USGS gaging station on the Indian River below 
Lake Abanakee, NY (station number 01315081) from the period 7/4/2005 to 8/10/2005. 
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Figure 1.3  Percent of released leaves retained over time. A. First paper release (n=400, 8 
floods). B. Second paper release (n=800, 9 floods).
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Figure 1.5:  Number of leaves retained on each type of structure over time. A. First 
paper release (n=400, 8 floods). B. Second paper release (n=800, 9 floods). 
A. First Paper Release (n=400)
B. Second Paper Release (n=800)
0
10
20
30
40
50
60
70
80
90
0 1 2 3 4 5 6 7 8 9
Flood #
Boulder
Bed
Bank
Backwater
Sticks
Large
Wood
S(
t)
 #
 L
ea
ve
s
0
50
100
150
200
250
0 1 2 3 4 5 6 7 8 9 10
Flood #
S(
t)
 #
 L
ea
ve
s
38
B. Second Paper Release (n=800)
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Figure 1.6: Longitudinal distribution of leaves. Cumulative percent of original leaves retained. 
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Width Ave. Depth Q (m3s-1)
Upstream
low flow 7.7 0.32 0.02
high flow 8.6 0.78 1.94
Downstream
low flow 6.3 0.05 0.03
high flow 8.6 0.47 2.09
Table 1.1 Side channel dimensions at high and low flow 
conditions
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Distance 
Downstrea
m (m) Feature T b R2
n=400 0-27 pool 0.77 0.76 0.95
28-37 riffle 0.05 1.36 0.84
38-50 pool 0.08 0.50 0.71
51-70 riffle 0.36 0.54 0.94
71-102 pool 0.18 0.34 0.71
103-108 riffle 0.03 0.71 0.60
n=800 0-27 pool 0.51 0.75 0.98
28-37 riffle 0.05 0.94 0.95
38-50 pool 0.12 0.70 0.75
51-70 riffle 0.25 0.32 0.66
71-102 pool 0.31 0.60 0.96
103-108 riffle 0.02 0.15 0.13
Table 1.4:Power regressions fit to storage over time of each patch. 
A high value of T  indicate high trapping efficieny. A high value of b 
indicates poor retention efficiency. 
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CHAPTER II. 
 
TURBULENCE AND THE HYDRAULICS OF LEAF MOVEMENT FROM BOULDERS 
AS AN EXAMPLE OF FLOW-STRUCTURE-ECOLOGY INTERACTIONS AT A 
MICROSCALE 
Abstract 
 
In channels where leaf litter retention depends mostly on simple structures, 
fluctuations in flow at a small spatial (cm2) and temporal (seconds) scale may drive the reach 
scale ecology. A coupled flume and field study looked at the mechanisms behind leaf litter 
transport at the reach scale and at the scale of hydraulics immediately around individual 
boulders. These small scale drivers do not scale to typically used reach average conditions 
such as discharge, stream power or shear stress. Leaf movement in the flume was determined 
to be partially controlled by infrequent high magnitude fluctuations in velocity, boulder 
overtopping, increased turbulence and ramping between discharges. Turbulence and 
fluctuations in the vertical velocity component in particular were related to leaf mobilization. 
This suggests that the typical reach average methods of describing or modeling a stream 
ecosystem require the addition of information which consider the mechanisms that are 
occurring on smaller temporal and spatial scales such as rate of change in discharge and the 
ratio of water height to the D84.  However, streams with multiple types of structures may be 
less sensitive to the small scale hydraulics which may scale up to increased immunity to large 
scale hydrologic fluctuations. 
1.0 Introduction 
 
For many streams, reach scale ecology may depend on highly localized hydraulics. 
These are the interactions between structures and flow on small spatial (cm2) and temporal (~ 
1 s) scales. A distinction can be made between hydrology and hydraulics based on their 
temporal and spatial scale. Hydrology can be applied to a larger area such as a watershed, 
stream segment or reach and longer time scales from minutes to years. Hydraulics can be 
used at the patch scale or smaller and describe flow and flow variability at temporal scales of 
less than a minute (Biggs et al., 2005). Most studies do not have the resources to sample 
thoroughly at the “hydraulic” microscale, and instead use reach averaged conditions such as 
discharge, stream power and average shear stress (Thomas et al., 2001, Minshall et al., 2000, 
Webster et al., 1987, Webster and Golladay, 1984, Sedell et al., 1978). While much easier to 
implement, such approaches may ignore the potential effects of physical and hydraulic 
heterogeneity and simplify hydrology past the point where it has much power to explain 
ecological or geomorphic phenomena (Statzner et al., 1988). Previous studies have examined 
the relationship between physical structure, hydrology and ecology at the reach and patch 
scale and found them inter-related.  This study takes a smaller view and examines the local 
hydraulics around individual boulders, and how they may control the energy supply of a 
system in ways that are not scaleable to the commonly used reach average approaches.  
Hopefully, this will produce new methods that will be able to supplement the commonly used 
fluvial geomorphic, hydrologic, and ecologic approaches. 
1.1 Geomorphologic and Hydrologic Controls on Stream Ecology: Energy Sources 
For many systems, stream food webs are at least partially dependent upon the store of 
leaf litter (Lepori et al., 2005; Wallace et al., 1997; Minshall 1967). In headwater and low-
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order wooded streams, coarse particulate organic matter (CPOM) is the dominant supply of 
organic carbon to the stream, and leaf litter exclusion studies have shown bottom-up effects 
where detritivores and predators decreased in abundance as the CPOM supply was limited 
(Wallace et al., 1997). The size of this store is controlled by upstream and riparian supply 
and the balance between downstream transport and in-stream retention (Webster et al., 1999). 
A large portion of CPOM is leaf litter. Storms transport a large proportion of the debris out of 
the system (Wallace et al., 1997; Webster et al., 1990, 1987), but assimilation of the organic 
carbon into the local food web depends on retention of leaf litter within the reach. As leaf 
retention time increases, leaves are more thoroughly metabolized and the reach is more 
metabolically efficient.  Reach-scale studies have shown that some channels are more 
efficient than others in retaining leaf litter due to the presence of retentive structures such as 
boulders, sticks, large woody debris and bank vegetation. The ability of these structures to 
retain leaves depends on the interactions between the retentive structure and the changes in 
the flow around it at hydraulic spatial and temporal scales.  
1.1.1 Trapping and Retention: Results from a Previous Study  
 
The storage of leaves in a channel depends on two functions of any retentive 
structure: initial trapping and retention. However, the dominant function of the structures in 
the reach switches between trapping and retention with different reach scale hydrology in 
terms of flood frequency (Small et al., in progress). Initial trapping determines how much 
leaf litter a structure, or a stream reach, can remove from suspension and prevent from 
moving downstream. Retention efficiency is a measure of how well the structure or reach can 
hold on to the leaves over time and with changing flow conditions. In channels with few 
floods, storage in the reach depends only on the trapping efficiency of the structures within 
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the channel. After the first few storms, storage in the channel depends mostly on the retentive 
function of in-stream structures. Streams that can switch between functions due to the 
presence of multiple types of structures may be less sensitive to alterations in hydrology. Past 
studies have found that wood, particularly accumulations of sticks are efficient retainers 
(Small et al., in progress; Brookshire and Dwire 2003; Ehrman and Lamberti 1992; Speaker 
et al., 1984). However, boulders are efficient at trapping leaves, but inefficient at retaining 
them. This study examines leaf movement from around boulders to determine some of the 
mechanisms of resuspension and the flow conditions that allow for either leaf retention or 
removal. Such a small scale hydraulic study should help to explain more specifically (1) why 
boulders are such poor retainers, (2) are there any particular conditions that are particularly 
responsible for leaf re-entrainment, (3) can microscale structure-flow interactions drive reach 
scale ecology, and if so, (4) can the small scale hydraulic drivers be adequately estimated 
from typical measures of reach scale hydrology? 
1.2 A Closer Look at Boulders 
 
The integrated effect of boulders over the reach scale is debatable. Lamarre (et al., 
2004) determined that even with a complex bed of boulders (roughness elements), velocity 
profiles were predominantly log-linear and similar throughout the reach. Roughness elements 
only affected mean and turbulent flow characteristics at a local scale and for short distances 
downstream and did not control the spatial variability in flow properties at a reach scale. 
However, others have found that significant changes in flow can be found 2 boulder 
diameters upstream, 4 cross-stream and up to 20 downstream (Nowell and Jumars, 1984). 
Other studies have also found that boulder wakes are present considerably farther 
downstream than the visual extent of the wake as mean flow velocity, turbulence and 
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velocity profiles were different throughout the wakes compared to unobstructed flow (Tritico 
et al., 2005). Regardless of the implications for the reach as a whole, it has been found that an 
isolated obstacle such as a boulder increases the spatially integrated shear stress in the 
adjacent bed (Nowell and Jumars, 1984). While it creates greater shear stress when integrated 
across the local bed, boulders create areas of above average and below average shear stress 
within a few centimeters of each other. Distinct algal, bacterial, and invertebrate 
communities have been found to live in these neighboring yet different regions of the same 
boulder (Biggs et al., 1998). In a study examining macroinvertebrate composition and 
microflow regime around boulders, benthic communities were significantly richer, more 
abundant and of different composition in the wakes than at the front of the boulders 
(Bouckaert et al., 1998). The boulder created a turbulent wake which increased deposition of 
particulate organic matter in some areas and may have increased rates of dissolved gas 
exchange, fostering different communities. In a family of caddis larvae, there are “high-
velocity” and “low-velocity” species that redistribute themselves to their favored velocity 
zones when the flow is interrupted by the addition of an obstacle (Edington 1968). Flow 
structures have been found to be similar around most boulders (Tritico, et al., 2005), allowing 
studies of single model boulders to be loosely applied to most boulders.  
1.2.1 Flow Around a Boulder 
 
 Flow around spheres, cylinders, bridge abutments, large woody debris and 
boulders has been studied for some time. Upstream of the boulder, water collides with the 
obstacle, stops, and changes direction at a stagnation point (Figure 2.1a.). A horse shoe 
vortex forms as flow is pushed and accelerated down and around the boulder, creating areas 
of downwelling and high shear stress alongside the boulder (Figure 2.1b-d) (Gorman et al., 
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2004, Shamloo et al., 2001; Vogel, 1994,  Nowell and Jumars 1984). As viscous fluid sticks 
to solids, a boundary layer forms from the stagnation point, and the fluid moves around the 
obstacle, losing energy as it travels to friction with the obstacle. Further along the obstacle, 
the flow leaves the solid at separation points. An area of negative pressure is formed in the 
lee side of the obstacle where flow slowly recirculates. Downstream flow is pulled back into 
this area forming a wake. From the separation points on each side of the boulder, alternating 
vortices are shed into the flow in Von Karman vortex trails. Downstream, flow is dominated 
by a slow-moving dead water region and continuous vacillations in lateral velocity as 
vortices are shed from the separation points. The downstream wake is characterized by high 
levels of turbulence. In natural environments, scour is likely upstream and deposition or a 
mixture of deposition and scour is found downstream (Shamloo et al., 2001). Leaves are 
exposed to the same forces. Retention and remobilization may not follow similar patterns or 
may follow them less predictably, but as in sediment transport, it is important to understand 
the small scale processes to understand the reach scale patterns of transport and retention.  
However, flow around a boulder is not static with time or place. Flow patterns change 
drastically with increasing velocity and with different ratios of boulder height to water depth. 
With increasing velocity, the posterior horse shoe vortex increases in intensity, and the extent 
of the wake shifts in dimensions (Shamloo et al., 2001). A significant change occurs in the 
flow structure when the boulder is overtopped. Shamloo (et al., 2001) describes several 
distinct flow regimes based on the relative depth of the obstacle (Figure 2.1b-d). In regime 
one, water is sufficiently deep to dampen out the effect of the boulder, and there is no effect 
on the surface profile. Thus, the top layer of water does not mix into the wake. A full horse 
shoe vortex is present upstream and arch vortices continuously shed off the top of the 
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obstacle and are pressed downward as they move downstream. As the boulder is just 
overtopped, the shear layer from the boulder mixes the entire column of water downstream. 
When water depth is less than the boulder height, Von Karman vortices are present and there 
are no arch vortices shed off of the boulder. Wake geometry, velocity, bed shear stress, and 
patterns of scour and deposition are distinct for each regime. Leaf deposition and scour may 
follow similar patterns, and transitions between each regime may be responsible for high 
rates of leaf remobilization. Lee sediment deposits have been found to establish streamlined 
shapes for each discharge, and changes in discharge cause the deposits to shift and increase 
sediment entrainment to the flow (Thompson et al., in press).  
As the same forces act on leaf litter, changing discharge could cause distinct 
mobilization events during the ramping period. Likewise, mobilization over overlying 
sediment could cause new fluxes of carbon, nutrients, and organisms into the water column. 
Leaves, other CPOM, dissolved organic carbon, dissolved nutrients and other sestonic or 
dissolved loads are all usually described in terms of concentrations at particular discharges. 
However, changes between discharges or between boulder overtopping regimes may cause 
distinct mobilization events which are not determined by a particular discharge.  
1.3 Mechanisms of Transport: Using the Sediment Transport Approach 
 
Previous leaf transport research has focused on the amount of leaf litter transported 
from a reach at different discharges in different streams without focusing on the mechanisms 
behind movement. This approach has led to problems with prediction, replication, and 
application to different systems (Statzner et al., 1988) because the mechanisms by which 
leaves and other organic matter are entrained from the bed or dislodged from retentive 
obstacles is unknown. Possible agents include shear stress, turbulent fluctuations, pressure 
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fluctuations, and changing flow directions. Shear stress seems unlikely to move the leaves 
themselves as fully saturated and colonized leaves are only slightly denser than water. These 
are all agents that also work on sediment. Despite the differences between sediment and 
leaves in terms of size, shape, supply, and density, similar mechanisms may operate on both.  
Studies of sediment movement have used the same approach as studies of leaf litter 
transport and have measured the concentration of sediment moved with different discharges, 
attempting to find correlations between reach-average flow characteristics and sediment 
transport. However, sediment transport research has also been supplemented with detailed 
flume studies on incipient motion (Buffington and Montgomery 1997). These have shown 
that shear stress (Wilcock 2001, 1996, 1993), bed packing (Papinicoloau 2002), protrusion 
height (Armani and Gregoretti, 2005; Brayshaw et al., 1983), turbulence (McLean et al, 
1994; Nelson et al., 1994; 1993) and many other factors affect sediment transport. Research 
has particularly focused on critical shear stress. Critical shear stress is the shear stress, or 
shear force acting parallel to a plane, required to set a particle of a given size and density into 
motion (Gordon et al., 2004). Still, deterministic relationships have proven evasive. Incipient 
motion in the flume is studied through researcher observation, and it is difficult to determine 
if the critical conditions for a grain size occur when one grain moves or when a larger sample 
occurs, so movement is treated statistically and near-zero movement values are back 
calculated (Gordon et al., 2004). So, most sediment discharge equations based on shear stress 
are still limited in their application. The equations over predict transport in supply-limited 
channels (Bathurst et al., 1987), and underestimate it in sand bed channels (Nelson, 1993). 
Similarly, as reach average shear stress oversimplifies sediment transport, it is likely to also 
have a poor correlation with leaf transport. 
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1.3.1 Turbulence 
 
Additional research has shown that use of shear stress alone to model sediment 
transport may underestimate actual transport due to the hidden small-scale effects of 
turbulence (Nelson et al., 1995; 1993; McLean et al., 1994; Clifford et al., 1991; Grass, 
1970). While stream average conditions such as shear stress may be below the critical shear 
stress, the distribution of instantaneous shear stresses may overlap with the critical shear 
stresses needed for mobilization (Figure 2.2). Turbulent fluctuations may also cause rocking 
and dislodgement, particularly with low specific gravity detritus. Thus, it is important to also 
consider the role of turbulence in leaf mobilization. 
Turbulence is difficult to define, and most textbooks and publications resort to listing 
the characteristics of turbulent flow (Tennekes and Lumley, 1972). It is diffusive, resulting in 
increased momentum or heat transfer across surfaces. It is three-dimensional, often forming 
rotating vortices. It is dissipative as viscous forces of the fluid reduce the kinetic energy of 
turbulence. Without a constant source of energy, turbulence decays rapidly. Energy is 
transferred from large vortices to smaller vortices through an energy cascade until it 
dissipates into heat (Tennekes and Lumely, 1972).  It is irregular and thus is often treated 
statistically. For this paper, it is defined as the stochastic variation in velocity and direction of 
fluid particles. Viscosity dampens turbulence, and acceleration increases it (Smith, 1975). 
Thus the presence of turbulence depends on the ratio of velocity or inertial forces to viscous 
forces. This ratio is known as the Reynolds Number, Re. When velocity is small compared to 
viscosity, Re is low and flow is laminar. When viscosity is small compared to velocity, Re is 
high, and flow is turbulent. In streams and rivers, flow is always turbulent.  
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Turbulent motion is stochastic (Papanicolaou, 2002), not completely random, because 
the movement of a particle in turbulent flow is at least partially dependent on the particles 
around it and its previous movement. But, for most purposes it is considered random and can 
be treated statistically. The simplest treatment is to find the mean of the flow over a period of 
time, and determine the departure from the mean in three dimensions so that  
'uuU +=  , 'vvV += ,  'wwW +=      Equation 1 
 
where U is the instantaneous velocity in the downstream direction. u  is the time-averaged 
velocity, and u’ is the instantaneous departure from the mean. The variable v, is lateral flow 
across the channel, and w is vertical flow. u, v, w, u’, v’ and w’ are typically normally 
distributed (Tennekes and Lumley, 1972). A common measure of turbulence is turbulent 
kinetic energy, TKE, where  
)'''(5.0 222 wvuTKE ++= ρ      Equation 2 
where ρ is the fluid density, and 222 ',',' wvu are the mean square values of the velocity 
fluctuations in three dimensions. Units of TKE are in terms of grams per centimeter per 
second squared. The velocity fluctuations in the three dimensions are often not of the same 
magnitude and can result in either increased or decreased instantaneous shear stress and 
changes in the pressure distributions around sediment grains. Using this variability, 
turbulence is often described by the components of the Reynolds stress. Reynolds stress, is 
the combined value of all stresses acting on a liquid due to turbulent fluctuations (Tennekes 
and Lumley 1972). After simplification, the Reynolds stresses break down into three main 
components, so that  
'' vuRuv ρ= , '' wuRuw ρ= , and '' wuRvw ρ=      Equation 3 
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where Ruv, Ruw, and Rvw are the individual Reynolds stress components. Turbulent fluctuations 
may be the greatest agents in resuspending leaves from the bed and dislodging them from 
retentive structures. However, much of turbulence research is done only in two dimensions, 
and many researchers can not agree on which Reynolds stress component best predicts 
sediment movement. Others have found that individual velocity fluctuation components are 
better predictors. Some have found that the normal stress due to the u velocity is the 
dominant stress responsible for sediment entrainment (Papanicolaou 2000; Nelson et al, 
1995) due to the much greater magnitude of u and u’ than the other components. For 
sediment particles, this has been related to the role of drag force in sediment motion 
(Papanicolaou 2000). Nelson (et al., 1995) found that u’w’, a measure of momentum flux, 
had poor correlation with sediment movement, and that u was a better predictor. However, 
several studies have found the u’ and w’ components important in sediment suspension 
(McLean et al., 1994; Clifford et al., 1991; Williams et al., 1989). Nelson (et al., 1995) found 
that turbulent structures called sweeps, in which u’ is >0 and w’<0, (flow to the bed and 
downstream) contribute to the bed shear stress and collectively move the majority of 
sediment, but are extremely rare. Thus, average bed shear stress can be used in well-
developed boundary layers where flow is steady, uniform, and less turbulent, but can not be 
used in flows over roughness elements where sweeps are highly variable. Increasing or 
decreasing discharge, boulder overtopping, and other alterations to flow may change the 
relative frequencies of these events, increasing leaf mobilization, and decreasing the 
applicability reach average shear stress approach.  
1.4 Purpose of Paper 
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Previous research helps to understand how the hydrology, structure and ecology of a 
stream interact at the reach scale and over time periods that encompass several floods (Small 
et al., in progress). Now, we can look at the much smaller hydraulic spatial and temporal 
scale to understand the relationships found at the reach and hydrological scale. Do the 
hydraulic mechanisms help better explain observations made at the reach scale? And do 
localized hydraulic interactions around individual structures control reach scale ecology? For 
a reach, leaf litter retention depends on the presence of retentive structures, and some 
structures are more efficient retainers than others (Small et al., in progress). Notably, 
boulders are poor retainers after the first few floods. Yet, the mechanisms behind leaf 
transport and resuspension have not been mechanistically examined. In is unknown what 
characteristics of flood flow moves leaves and why boulders make such poor retentive 
structures. A flume study examining leaf retention around a model boulder with 
corresponding fine spatial and temporal scale flow data should allow us to identify at least 
some critical parameters for leaf movement. It is hypothesized that turbulence is a large 
driver of leaf dislodgement, as are the changing flow characteristics that come with ramping 
flow and boulder overtopping. It may be that flood flows transport large quantities of litter 
not because they are large floods, but because flow patterns were disrupted with increasing 
flow. Large floods may not move more leaf litter than intermediate floods if boulder over-
topping is a distinct event that dislodges many leaves. Distinct events such as ramping or 
boulder overtopping in the hydrograph of a system may be responsible for controlling the 
energy supply to the system in ways that are not scaleable to typically used metrics such as 
discharge or average shear stress. 
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2.0 Methods 
2.1 Flume setup 
 
This study was designed to replicate field conditions used in previous studies (Small 
et al, in progress), so the obstacle and leaf rectangles were geometrically scaled to the D84 of 
the field channel and paper rectangles used in the previous study. A 14 cm diameter 
cylindrical obstacle of varying height was used to simulate a single boulder.  Two boulder 
heights were used, 9.3 cm and 11.2 cm high, to examine the effect of overtopping on leaf re-
entrainment.  
Experiments were performed in a 6-m long, 0.5m-wide flume with depths ranging 
from 9.2 to 15.5 cm. Discharge was varied from 6 ls-1 to 36.5 ls-1. Discharge was controlled 
via the electrical output to the pump which was gaged to a Venturi meter on the flume. Water 
level in the reservoir was kept constant to ensure similar discharges between flume 
experiments. At the upstream end of the flume, a baffling with a 6-mm grid was used to 
create isotropic turbulent conditions. The slope was set at 0.005 and the flume was lined with 
a fixed gravel bed with D50 5.4mm.The slope of the study site was higher at 0.006, but higher 
slopes in the flume created standing waves at high discharges. For velocity and turbulence 
mapping where discharge was kept constant, small waves were suppressed by a 0.6 m u 0.5 
m plate held parallel to the water surface. 
2.2 Velocity and turbulence mapping 
 
Maps of three-dimensional velocity and turbulence around the boulder were made on 
a 5-cm grid from 20 cm above the boulder to 35 cm downstream of the boulder to understand 
the larger patterns of velocity and turbulence around the boulder. High and low boulder 
heights were each run with a low flow, 8 ls-1, and high flow, 24 ls-1 to examine the effect of 
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water overtopping the boulder on spatial distribution of velocity and turbulence. 
Measurements were only taken on one half of the flume centerline as symmetry was 
assumed. Measurements were made using a SonTek, 10 MHz, 3-D acoustic Doppler 
velocimeter (ADV) with a sampling rate of 25 Hz. The probe was set at 8 cm from the bed as 
it takes readings 5 cm from be probe and needs in excess of 3 cm from the bed to reduce 
backscattering from the bed (Thompson, personal communication). Velocities were recorded 
for 2 minutes at each grid location. Turbulence was measured in terms of total kinetic energy 
(Equation 2).  Maps were created for both high and low boulders at 8 and 24 ls-1 to examine 
the effect of water depth to boulder height on velocity and turbulence patterns around the 
boulders.  
2.3 Leaf retention experiment  
 
Model leaves were created by cutting beech, ash, and white oak leaves found in a 
local stream into 30mm x 47mm rectangles. Rectangles were taken from the center of leaves 
and included the midrib. Experimental leaves were negatively buoyant when used in the 
experiment, and were periodically replaced as they were mechanically fragmented by 
frequent use. The flume was started at 6ls-1 and 10 leaves were arranged in a leaf pack 
against the upstream or downstream center of the boulder (Figure 2. 3). The flume ran for 10 
minutes at each discharge, every 2.0 ls-1 from 6-36.5 ls-1 until all leaves had been dislodged 
from the boulder. All experiments on the high boulder with leaves downstream were only run 
from 6-26 Ls-1. It was then determined that this was not a long enough period to dislodge all 
leaves so the range of discharges was expanded. The time of each leaf movement was 
recorded, though not as precisely as has been done in previous studies (e.g. Lapointe 1996). 
3-dimensional velocity measurements were taken using the ADV during the entire flume run. 
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The ADV was positioned above the leaves, 3.0 cm from the edge of the obstacle and 8.0 cm 
from the bed. Water surface elevation was measured for each discharge at 10.0 cm upstream 
of the obstacle.  
2.4 Data Processing 
 
Raw data from the ADV was processed to remove equipment communication errors, 
low signal-to-noise ratios (SNR) and low velocity correlations (Lane et al., 1998). 
Correlations on all data used were greater than 0.70 and SNR was greater than 15 dB. After 
processing with a low-pass Gaussian filter, 19 out of 20 leaf-movement data sets collected 
retained more than 90% of the values. All data collected for mapping retained more than 90% 
of the values.  
2.5 Data Analysis  
 
2.5.1 Full Discharge Data 
Stationarity tests were performed on the complete time series from each flume run. 
This provided mean u, v, and w velocities, variance, and SNR. From the variance for each 
velocity component, TKE for each run at each discharge were calculated using equation 1. 
TKE, velocity, and velocity variance for each 10-minute discharge during which leaf 
movement did or did not occur were compared using independent T-tests. 
2.5.2 Divided Discharge Data 
Time series data for each flume run at each discharge were divided into sections to 
examine the effect of the ramping period on leaf movement and turbulence. The discharge 
time series were divided into ramping 2.5 minutes period, a middle 5 minute period, and an 
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end 2.5 minute period. Independent T-tests were run to determine if there were significant 
differences between leaf movement, u, v, and w variance, and TKE among the time periods. 
2.5.3 Point Data 
The time series data were examined on a point-by-point level for the 5 seconds before 
movement of each of 25 randomly chosen leaves. 5 seconds of data includes 125 data entries. 
TKE and Reynolds stresses at each data point were calculated individually as u’v’, u’w’, and 
v’w’ (Equation 3) and as a total measure of Reynolds stresses, τr, where  
22 )''()''( wvwur += ρτ      Equation 4 
τr was nondimensionalized by dividing by the mean value of the Reynolds stresses over each 
discharge so that  
22
22
*
)''()''(
)''()''(
wvwu
wvwu iiii
r +
+=τ      Equation 5 
Reynold’s stresses in the uv, uw, and vw directions were similarly nondimensionalized by  
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Individual Reynolds stress components indicate the magnitude of stress applied to fluid in 
each direction and the direction of momentum transfer.  
3.0 Results 
3.1 Visual Observations 
 
Upstream or downstream of the boulder leaves were observed to arrange themselves 
in two patterns: pressed flat on the bed by downwelling or pressed flat against the boulder by 
increasing streamwise flow (or recirculating flow for leaves located downstream) (Figure 2. 
4). The stability of the leaves in either position was observed to be dependent on the initial 
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orientation of the leaf. Leaves are often slightly concave on the dorsal side, and flexibility 
allows them to fold up in high wind, reducing drag (Vogel, 1994). When the flexible dorsal 
side faced the boulder, flow molded the leaf to the shape of the boulder, increasing stability. 
When the dorsal side faced the bed, downwelling pressed the leaf flat, reducing surface area 
susceptible to lateral or streamwise flow. If the leaves were positioned otherwise, they curved 
up into the flow and rocked back and forth until they were pushed downstream by lateral or 
vertical flow. Of these two positions, storage on the bed was the least stable, as they were 
still exposed to minor fluxes in the w direction.  
3.2 Changes in Hydraulics Around a Boulder with Overtopping 
 
3.2.1 Spatial Variation in u, v, and w Velocity Components with Boulder Overtopping 
 
At low flow, where neither boulder was overtopped, there was no significant 
difference in the velocity fields (Figure 2.5). Flow approached the boulder and then 
accelerated as it was deflected around the solid. Flow began to be deflected at station 300 cm, 
3 cm upstream of the boulder. Measurements could not be made closer to the boulder due to 
the size of the ADV probe. Downstream, a small recirculating eddy formed. Once 
overtopped, the size of the eddy increased as the area of recirculation elongated, particularly 
for the high boulder which was barely overtopped. A downwelling horseshoe was present at 
the upstream edge of the boulder (Figure 2.6). This increased with intensity and lengthened 
as discharge increased. Downstream at low discharge, upwelling occurred at both high and 
low boulders at station 340cm, 15 cm downstream of the boulder. With overtopping and 
increased discharge, this upwelling point moved closer to the boulder (station 325 cm). 
Intense downwelling occurred downstream of the low boulder, which was significantly 
overtopped at high flow. Upwelling downstream of the high obstacle was less intense and 
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less localized into a coherent point at high flow than for the low obstacle as less water flowed 
over the top of the boulder.   
3.2.2 Spatial Variation in Turbulence with Boulder Overtopping 
 
At low discharges, TKE was low upstream of both the high and low boulders and 
restricted to a narrow area directly upstream (Figure 2.5). At the higher discharge, TKE 
increased slightly, but the area of TKE >0 widened significantly and spread upstream. 
Downstream of the boulder, TKE was localized in distinct cores (station 340-350cm) and 
was highest downstream of the recirculating eddy. The turbulent core increased in intensity 
and moved closer to the low boulder at high flow. For the high boulder, the turbulent core 
increased in intensity and lengthened. The study section did not fully capture the downstream 
extent of the wake.  
3.3 Changes in Point-specific Hydraulics with Discharge 
 
3.3.1 Trends in Velocity Components and TKE with Increasing Discharge 
 
3.3.1.1 Upstream 
Trends in velocity components were almost identical upstream of high and low 
boulders (Figure 2.7). Velocity in the u direction increased linearly with TKE. Velocity in the 
v direction changed very little with increasing discharge, remaining steady between 1 and 2 
cm s-1. Velocity in the w direction was consistently negative, and became increasingly 
negative with discharge upstream of the high obstacle.  
3.3.1.2 Downstream 
Downstream of the boulder, there was a significant difference in the rate of change in 
velocity with discharge between the high and low boulders (Figure 2.7). For the high 
boulder, u velocity increased slowly (1.8-3.8 cm s-1) with discharge from 6-14 ls-1. Flow 
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overtopped the boulder at 14 l s-1 causing a jump in u velocity from 3.8 to 6.7 cm s-1. From 
16 to 26 l s-1, u velocity continued to increase slowly. However, downstream of the low 
boulder, overtopping occurred at a much lower discharge (10L s-1). After overtopping, u 
velocity increased much more quickly to 20 L s-1 and then started to decrease as water level 
rose.  
The v velocity component was low in magnitude and changed very little with 
discharge remaining constant at 0.3 to 0.8 cm s-1 for the high boulder. Though the magnitude 
of flow was consistently low for the low boulder, the direction of flow reversed at 24 l s-1. 
Throughout the experiments, v velocities ranged from 0.3 to -0.9 cm s-1. Negative velocities 
indicated flow in the opposite direction or toward the top of the maps in Figure 2.5.  
For both high and low boulders, the direction of the w velocity component switched 
from negative to positive as the boulders were overtopped. This indicates a change from 
downwelling to upwelling as the upwelling zone moves upstream closer to the boulder with 
overtopping (Figure 2.6). For the low obstacle where the discharge record is longer, 
upwelling continued to occur from 10 to 36 l s-1, but the magnitude of upwelling reached a 
peak at 20 l s-1 and then decreased with increasing discharge. 
TKE did not increase linearly with discharge at a fixed point around a boulder (Figure 
2.9). It appeared to operate in a series of step functions based on overtopping and then on 
how deeply the boulder is overtopped. For the high boulder, TKE increased exponentially 
from 6 to 14 l s-1. Once the boulder overtopped, TKE decreased from 31.6 to 27.1 g/cms-2, 
and then continued to increase with discharge.  For the low boulder, TKE decreased from 
11.8-7.1 c/cms-2 from 6-10 l s-1. Once the boulder was overtopped, TKE increased rapidly 
until 28 l s-1 when the rate of increase declined.  
66
3.3.2 Trends in the Components of TKE with Increasing Discharge 
 
TKE is calculated from the variance in the u, v, and w velocity components (Equation 
1).Upstream of both the high and low obstacle, TKE is composed mainly of variance in the u 
velocity (Figure 2.8) and gains in importance as variance in the v direction levels out after 
overtopping. Variance in the w direction remained low throughout the trial period. 
Downstream of the boulders, u variance and v variance follow similar patterns with 
increasing discharge (Figure 2.8), but the v component of the high obstacle is significantly 
higher than the u component and increased with discharge at a faster rate. w variance is much 
higher than upstream of the boulders and follows the same pattern in increase as the u and v 
components.   
3.3.3 Leaf Mobilization with Increasing Discharge  
 
Leaves positioned upstream of the high boulder were the most stable. After 110 
minutes of exposure to discharges from 6 to 36 ls-1, 30% of the leaves remained (Table 2.1).  
Of the leaves positioned downstream of the high or low boulder, 16% remained. Only 5 % of 
leaves positioned upstream were retained. Overall, leaf movement appeard to be related to 
values of TKE and the rate of change in TKE with increasing discharge. When all discharges 
of all runs were lumped together, those during which leaves were mobilized had 60% higher 
value for TKE on average than those during which leaves did not move (p=0.01). Thus, there 
are general trends in TKE between runs of the same setup, but turbulence is still stochastic, 
and there are large differences even between the same discharges of the same experimental 
setup.  
Upstream of the boulder, timing of leaf mobilization was similar between the high 
and low boulders. Unstable leaves were dislodged early, and the minority of stable leaves did 
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not move or were dislodged late in the record (Figure 2.9). The majority of leaves left early 
in the record from 6-12 ls-1, and reduced mobilization from 14-26 ls-1. The high obstacle 
record ended there. However, for both the high and low obstacle, the remaining leaves were 
very stable and remained until and past the highest discharge.  
Leaves positioned downstream of the high and low boulders moved at distinctly 
different periods in the record (Figure 2.9). Leaves downstream of the high boulder moved 
early at discharges from 6-12 ls-1. Remaining leaves seemed to become increasingly stable 
after overtopping. Once the boulder was overtopped, TKE decreased from 35 to 17 g cm-1 s-2 
and then continued to increase at a much slower rate. Late movement may have been missed 
with the smaller range of flows used. Leaves downstream of the low boulder were mobilized 
at discharges of 14-22 ls-1 and higher. This coincided with a jump in TKE from 10 to 33 g 
cm-1 s-2 (Figure 2. 9). 
3.4 The Effect of Ramping on Leaf Mobilization 
 
Most leaf mobilization occurred during the beginning 2.5 minutes of each discharge 
during which flow conditions were ramping up to the next discharge, i.e. 39% of all leaves 
moved during 25% of the data record (Table 2.2). 28% moved during the middle 5 minutes 
and 15% moved during the end 2.5 minutes. Within each experimental setup, there were 
variations from this trend. For leaves positioned upstream of the low obstacle, 75% moved 
during the ramp-up while only 18% moved during the middle 5 minutes. However, for leaves 
positioned upstream of the high obstacle, only 9% moved during the ramp-up and 44% 
moved during the middle 5 minutes.  
When all parts of the time series subsections for each setup and each discharge were 
lumped together, individual sections where leaves moved did on average have higher values 
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of TKE (p<0.01), u variance (p<0.01), v variance (p<0.01) and w variance (p=0.0001) (Table 
2.3). However, when the parts of the time series were divided into ramping, middle and end 
subsections sections, there was no significant difference between the subsections in TKE, u 
variance, v variance or w variance.  
3.5 Close-up Look at Time Series Data 
 
3.5.1 Magnitude of infrequent events in time series data 
 
Fluctuations in velocity for the u, v, and w directions had different distributions based 
on the magnitude of their average value and the frequency of extremely large variations from 
the mean. In the v direction, v’* (the nondimensionalized instantaneous variation in v from 
the mean) was on average 3 times larger than that in the u and w directions (p<.0001) (Table 
2.4). However, when the standard deviation of v’* was calculated for each discharge, it was 
much larger than that of the other velocity components (p<.001). Thus, v velocity, has 
frequent, large-scale vacillations, but lacks the infrequent extreme fluctuations that occur in 
the u and w directions. Thus, especially in downstream wake zones, fluctuations in the v 
component may be the major component of TKE, but the infrequent extreme fluctuations in 
the u and w directions may be responsible for leaf movement.  
3.5.2 Association between Infrequent Events and Leaf Entrainment 
 
Though many leaf movements were associated with rare, high magnitude Reynolds’s 
stresses, τr*, many were not:  8% of leaves moved after 5 seconds of below-average values of 
τr*. However, of the 25 leaf subsample, 48% moved within 5 seconds of fluctuations in τr* 
that were greater than average values by 3σ or more (Table 2.5). These were fluctuations in 
τr* that had frequencies of 0.002 or less. Therefore, peaks in τr* explain only part, ( ≤  50%) 
of the leaf mobilization at best.  
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High, infrequent values for τr* were not always associated with high values of TKE, 
u’*, v’*, w’*, or the individual components of Reynold’s stresses, u’v’*, v’w’*, or u’w’*.  
While 48% of leaves moved with τr* values of frequencies less than 0.002, only 16% of 
leaves moved with TKE values of similar frequencies, and only 4 and 8% moved with 
equally infrequent values of u’* or v’*. Of all velocity vectors, infrequent fluctuations in the 
w direction were associated with the most leaf movements (20%).  
4.0 Discussion 
4.1 Overview 
 
There was a greater probability of leaf movement when turbulence was high and 
during ramping periods. As in sediment transport (Sumer et al., 2003), leaf transport 
increases with turbulence. Of leaves stored upstream, the majority was unstable and was 
dislodged at low discharges, but the remaining leaves were very stable. Leaves stored 
downstream of high boulders moved before overtopping, and remaining leaves became stable 
after overtopping as TKE decreased. Leaves downstream of low boulders moved after over-
topping, which corresponded with a jump in TKE. Half of individual leaf movements were 
associated high values of Reynolds stresses with frequencies less than 0.002. Though of 
small magnitude compared to u, and v events, rare, turbulent fluctuations in the w direction 
seemed to be particularly important for leaf movement. 
4.2 Flow mapping and the Effect of Boulder Overtopping 
 
4.2.1 Upstream 
 
Initial orientation of the leaves was an important factor in leaf stability upstream. The 
majority of leaves were unstable and left early, but the few that were oriented with their 
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dorsal side pressed to the bed or the boulder (Figure 2.4) became more and more stable with 
increasing discharge as downwelling became much stronger. However, a decrease in 
discharge with deceleration could upset the hydraulically created stability, and cause further 
transport. With decelerating flow, leaves pressed against the boulder may flop back down to 
the bed, where they would be arranged concave-side-up, exposing edges to lateral and 
streamwise flow. Thus, fluctuating flows could facilitate mobilization of leaves that were 
previously stable.  
4.2.2 Downstream 
 
Mobilization of leaves from downstream may have been partially dependent on 
boulder overtopping. Flow patterns around the boulder followed patterns similar to those of 
Shamloo (et al., 2001).   Downstream, as the boulder was overtopped (Figure 2.1c and 6d), 
an area of upwelling was pushed closer to the boulder by strong downwelling, accompanied 
by a growing turbulent core. As the boulder became more submerged, arch vortices formed 
(Figure 2.1d) which caused an area of upwelling adjacent to an area of intense downwelling 
(Figure 2.6B). With fluctuating discharge, the turbulent cores and areas of upwelling and 
downwelling shifted position. Even stable leaves pressed in place against the bed by 
downwelling could easily be resuspended when areas of downwelling switch to upwelling.    
Von Karman vortex shedding was evident in the time series data above the leaf pack. 
Though much sediment transport research has ignored the v component as work was 
performed in 2-dimensional flow, v variance was the predominant component of TKE and 
caused leaves to shuffle from side to side with passing vortices. Leaves would shift until one 
was free of the rest of the leaf pack. It would then either be picked up by strong upwelling 
and recirculated until it was free of the recirculation zone, or would shuffle to the edge of the 
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low velocity, low shear stress zone and be picked up by strong lateral flow. v variance, driven 
largely by the Von Karman vortices, did not increase linearly with discharge and did not 
appear to be affected by overtopping (Figure 2.8). For both the high and low boulders, the v 
component of turbulence increased until discharge reached 16 ls-1, and then decreased, 
regardless of overtopping. This may be because the vortices are limited in depth, and as 
water depth increased, the effect from the vortices was not as strong on the bed. Leaf 
mobilization was not associated with any particular value of v variance, but occurred during 
periods of rapid increase in TKE, and particularly in the v component (Figure 2.9). 
Downstream of the high boulder, TKE and the v component, increased rapidly from 6 to 14 
ls-.1. Downstream of the low boulder, from 14 ls-1 to 16 ls-1 there was a rapid increase in TKE. 
Both periods were simultaneous with leaf movement. Therefore, the magnitude of v variance 
or TKE during a particular discharge may not be responsible for leaf movement, but the 
sudden increase in TKE between each discharge during ramping may be enough to dislodge 
otherwise stable leaves.   
4.3 Ramping 
 
Mobilization may have been more frequent during ramping between discharges as 
flow patterns reconfigured to current conditions. Of all leaves moved, 47% occurred during 
the ramping period. The effect of ramping was greatest downstream, where it is hypothesized 
that reconfiguring wakes and lee eddies forced leaves back into suspension. Previously 
unpublished data from a corresponding field release showed that when base flow and flood 
flow were the same discharges for multiple floods, more leaves moved during longer 
ramping periods (Figure 2.10). We have already determined that turbulence plays a large role 
in leaf litter resuspension, but the effect of acceleration of turbulence has not been adequately 
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studied. It is not known how the rate of change in velocity affects TKE. If the act of ramping 
itself increased turbulence, then a longer ramp would provide a greater probability of leaf 
movement. We found that leaves are more likely to move from lee deposits during ramping, 
and that leaves are more likely to move with higher TKE, but ramping and TKE from our 
study showed no significant correlation. The 2.5 minute period used in this study may have 
overshot the actual ramping period, and any difference in turbulence during the ramping may 
have been dampened out. Further analysis using a moving window approach may be better 
able to determine if a relationship exists. Also, simple tests in a flume measuring TKE during 
different rates of ramping may provide an idea of the relationship between turbulence and 
acceleration.  
4.4 The Effect of Individual Variations in Flow: Turbulence Point Data 
Movement of leaf litter can be partially explained by individual events in the velocity 
time series data in which infrequent spikes in w’ seems to be a main driver. There may be 
some concern in examining individual point data, as turbulence is usually treated statistically 
over a period of time. However, we feel reasonably secure in examining the point data as it 
has been adequately processed to avoid errors from equipment and background noise (Lane 
et al., 1998). Clifford (et al., 1991) found that in sediment transport studies, stress values 
below the median, while they by definition occupied 50% of time, they accounted for only 
10% of the time-averaged values, suggesting the existence of extremely high records that 
skewed the distribution. While the individual velocity components were normally distributed, 
the joint Reynolds stresses and the shear stresses were not. They also found that 
instantaneous values, or the peaks in the time series data, are likely to be significant in the 
initiation of motion. A study that measured instantaneous sediment motion and turbulence 
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found that highly energetic, burst-like events which accounted for only 1-5% of the record 
accounted for 20-90% of suspension (Lapointe, 1996). Nelson (1995) found that low-
frequency, high-magnitude fluctuations are important in the entrainment of sand, but higher 
frequency fluctuations can not be ignored. In the present study, low frequency events 
accounted for 48% of leaf movement, but the remaining 52% of the leaf movement may have 
been due to higher frequency events. Therefore, any model that predicts either sediment or 
leaf transport which relies on an average value of fluctuations that is driven by high 
frequency events may miss the up to 48% of movement due to the low frequency events.  
Spikes in the w velocity component and the u’w’ Reynolds stress appear to account 
for leaf movement better than the u or v velocity component or the u’v’ or v’w’ Reynolds 
stresses. In sediment transport, this has been a source of contention for years. Many have 
noted the importance of the w component, but claim that the u component, due to its higher 
magnitude, is a better predictor for sediment movement. For leaf transport, particularly in 
boulder-bed streams, variations in the w velocity component may be even more important as 
leaves are significantly less dense than sediment, and smaller magnitude fluctuations may lift 
leaves up. Once part of the leaf is lifted, its large surface area acts as a sail and the leaf is 
pushed downstream. High w variances may be found downstream of boulders when flow is 
shifting from downwelling to upwelling, further substantiating the importance of ramping 
flows in leaf movement. 
4.6 Implications 
 
Leaf litter shares some characteristics of transport with sediment. Turbulence, 
especially in the w direction, is very important in mobilization. Ramping and the shifting of 
lee deposits may cause both sediment and leaf litter to be resuspended into the water column. 
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In general, large fluxes of leaf litter should be expected during ramping events, and right 
after the overtopping of low obstacles when water depth roughly equals the D84 of the stream. 
Once the flow is sufficiently deep, there should be little further entrainment. In most streams, 
this should occur early in the flood hydrograph. When plotted as concentration versus 
discharge, this might appear as a hysterisis effect, but may be due to the hydraulics around 
the boulders instead of, or in addition to, a source limitation. However, reach average 
conditions such as average shear stress and discharge may have to be supplemented with 
information based on boulder overtopping depth and ramping to accurately predict leaf litter 
transport.  
4.7 Boulders as Retainers 
 
Boulders are poor retainers of leaves as retention is entirely dependent on local 
hydrology. Upstream, only a small fraction of leaves can be maintained past minor changes 
in flow and a short period of time (~2 hours). Downstream, leaves are more stable with a 
constant flow regime, but changes in flow cause reshuffling and rapid leaf loss. In both 
upstream and downstream locations, only a small proportion of leaves can remain through 
conditions similar to those modeled in the lab. In the accompanying field study, discharge 
changed by an order of magnitude in minutes (Small et al., in progress). Disruptions in flow 
of that magnitude could not be simulated in this flume, and it is unknown how well the 
modeled leaves could have been retained under similar circumstances.   
4.8 Can small scale hydraulics drive reach scale ecology? 
 
In terms of the energy input from leaf litter, if retention depends on only boulders and 
the bed due to a lack of other structures, the small scale hydraulics around individual 
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boulders may drive the energy input to a stream ecosystem at the reach scaley.  The 
hydraulics around individual boulders determine the stability of the leaf litter. However, the 
presence of multiple forms of storage structures, particularly complex forms like sticks and 
vegetation, may make the whole reach less sensitive to the small scale temporal and spatial 
variability as well as the larger scale hydrological variability 
4.9 Further work 
Further work is necessary to verify these results. Field studies of leaf litter 
concentration in response to ramping and boulder overtopping could be attempted. In 
addition, the effect of acceleration and deceleration on turbulence is poorly understood. 
Simple flume experiments should be run with different rates and magnitudes of ramping, 
with and without obstacles to examine the frequency and magnitude of events that may cause 
sediment or leaf litter suspension.  
5.0 Conclusion 
 
In channels where leaf litter retention depends mostly on simple structures, 
fluctuations in flow at a small spatial (cm2) and temporal (several seconds) scale may drive 
the energy source of a stream ecosystem at the reach scale. These small scale drivers do not 
scale to typically used reach average conditions such as discharge, stream power or shear 
stress. Thus information that considers the mechanisms that are occurring on smaller 
temporal and spatial scales, such as rate of change in discharge and the ratio of water height 
to the D84 of the reach, should be considered when studying any kind of transport in a stream. 
Turbulence and fluctuations in the w component in particular have been found to be related 
to leaf mobilization. Streams with multiple types of structures may be less sensitive to the 
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small scale hydraulics which may scale up to increased immunity to large scale hydrologic 
fluctuations. 
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Figure 2.1 Flow around a boulder. A. Plan view. B. Side view for water height< boulder height. C. 
Water height =~ to boulder height. D. Water height >> boulder height.  After Shamloo et al., 
2002 and Nowell and Jumars, 1984.
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Figure 2:.2 The distribution of critical shear stress overlaps the probability distribution of 
instantaneous shear stress, resulting in greater sediment transport than predicted. After 
Robert 2003.
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Figure 2.3 Picture and schematic of experimental setup for leaf mobilzation experiment. A) 
Working section of flume with boulder, leaves, and ADV. B. and D.) Schematics of leaf pack 
placement. All future maps will show only the darker half of the schematics as symmetry is 
assumed.  C.) Leaves placed upstream of a low boulder. E.) Leaves placed downstream of a high 
boulder. 
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Figure 2.4  Leaf orientation and stability. A.) Leaves naturally fold up to reduce drag during high 
winds, usually with the side facing the sun folding in on itself. B) A small rectangle was taken from 
the center of each leaf to form model leaves used in the flume. C.) Unstable orientation curving up 
into the flow. D.) Stable orientation curving around the boulder or flattening itself to the bed
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Figure 2.5 Maps of turbulent kinetic energy (TKE) and velocity vectors for a.) low boulder at 8 
ls-1. b.) low boulder at 24 ls-1. c.) high obstacle at 8 ls-1 and d.) high obstacle at 24 ls-1. Maps 
show half of the channel as symmetry was assumed. Arrows indicate the measurement grid and 
flow direction. Arrow size indicates velocity magnitude.
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Figure 2.6 Maps of Z velocity for a.) low boulder at 8 ls-1. b.) low boulder at 24 ls-1. c.) high 
boulder at 8 ls-1 and d.) high boulder at 24 ls-1.Negative values indicate downwelling. Positive 
values indicate upwelling. 
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Figure 2.10 Percent of leaves transported out of the channel in relation to rate of change in 
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Boulder 
Height
Position of 
Leaves
Number of 
Trials
Total 
Initial 
Number of 
Number of 
Leaves 
Mobilized
% Leaves 
Mobilized
Number of 
Leaves 
retained 
% Leaves 
Retained
High Downstream 5 50 42 84% 8 16%
High Upstream 5 50 35 70% 15 30%
Low Downstream 5 50 42 84% 8 16%
Low Upstream 4 40 38 95% 2 5%
Table 2.1 Total number of leaves moved over all trials for different height boulders and 
position of leaves
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µ σ µ σ
u'i* 0.27 0.20 1.06 1.21
v'i* 1.17 0.93 6.98 5.71
w'i* 0.45 0.35 2.23 2.82
Upstream Downstream
Table 2.4 The means of average values and the means 
of standard deviations of u'I, v'I, and w'I for entire 
discharges during which leaves moved. 
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>µ >1σ >2σ >3σ
u'i* 0.56 0.36 0.16 0.04
v'i* 0.60 0.40 0.12 0.08
w'i* 0.88 0.52 0.32 0.20
u'v'* 0.64 0.52 0.32 0.20
u'w'* 0.76 0.56 0.48 0.44
v'w'* 0.72 0.64 0.44 0.40
TKEi* 0.84 0.60 0.36 0.16
Tri* 0.92 0.72 0.56 0.48
Table 2.5 Proportion of 25, pre-leaf mobilization 5-second time series with infrequent 
events. The point of highest dimensionless Reynolds stress in the 5 seconds previous to 
movement of each of 25 leaves was examined. Values are percentages of the 25 points 
with values greater than the mean, greater than µ+1σ, µ+2σ, or µ+3σ. 
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CONCLUSION 
 
This study was designed to provide an example of the integration of hydrology, 
geomorphology and ecology at multiple spatial and temporal scales to answer several 
questions. The microscale mechanisms associated with leaf litter movement are mostly 
associated with turbulence. High turbulence increased the probability of the leaf being moved 
slightly so that streamwise, lateral or vertical flow could take advantage of exposed surface 
area and re-entrain the leaf. Movement was particularly associated with very infrequent 
fluctuations in the vertical velocity component. Overtopping increased leaf mobilization for 
low boulders, associated with a peak in TKE and shifting flow patterns. Ramping was 
positively correlated with leaf mobilization. Thus, these mechanisms did result in patterns 
seen at the reach level, including increased transport during longer ramping periods, and poor 
retention by boulders under changing flow conditions. Important mechanisms that we do not 
see or often measure at the reach scale include turbulence, boulder overtopping, and ramping 
period. Discharge was not deterministic of leaf movement, while simple changes in flow, 
regardless of discharge, were key in leaf mobilization. Structurally complex channels with 
multiple types of storage structures were less sensitive to changes in flow than modeled 
channelized streams, or streams with modeled boulder and large wood restoration. When 
hydrology was pushed to extreme frequencies, it was no longer a driver in leaf litter retention 
as structure dictated how much leaf litter was stable against further floods. The switch from 
hydrology to structure also signaled a switch of importance to different functions of the 
storage structures. With low flood frequency and export determined by hydrology, leaf 
storage was determined by trapping efficiency of the structures. With high flood frequency, 
storage was determined by the retention efficiency of the structures. Thus, in streams with 
low flood frequencies, boulders and large wood may be adequate for leaf storage. However, 
in streams with high flood frequencies, boulders and large wood are not effective without a 
supply of small wood.  
 So, in addition to the usual set of reach averaged observations such as discharge, 
roughness height, slope and channel geometry, if we are interested in the transport of 
anything that may be stored around boulders or simple structures, individual events such as 
ramping, boulder overtopping, and changing flow directions must be considered. A coupled 
small-scale, mechanistic and a reach-scale field study provided insight into the processes and 
controls behind a stream’s energy base that neither study could have accomplished 
individually.  
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APPENDIX I A: LIST OF ABBREVIATIONS CHAPTER 1 
 
 
    
 
Variable  Units 
 
Definition
a initial trapping leaves 
number of 
leaves 
trapped after 
the 1st flood 
b 
retention 
efficiency  
rate of leaf 
loss over 
time. High 
values equal 
low retention 
efficiency 
d patch number dimensionless
patches 
numbered 1-
6 
downstream 
f frequency obstacles 
number 
of 
structures 
s supply leaves 
initial number 
of leaves 
added to 
channel or to 
each patch 
S storage leaves 
Total number 
of leaves 
stored in 
channel or in 
each patch 
T 
trapping 
efficiency 1/obstacle 
(new leaves 
stored)/ 
leaves in 
water column
t time floods 
number 
of floods 
y number of 
leaves          
exiting a patch 
leaves 
Number of 
leaves in 
suspension + 
flux from 
each patch 
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APPENDIX I B: LIST OF ABBREVIATIONS CHAPTER 2 
 
 
 
U, V, W 
instantaneous velocity in u 
(streamwise), v (lateral) 
and w (vertical)dimensions
 
cm s-1 
 
u , v , w  
 
 
time average velocities 
 
cm s-1 
 
u’, v’, w’ 
 
 
deviation from average 
velocity 
 
 
cm s-1 
 
222 ',',' wvu  
 
 
mean square values of velocity 
fluctuations 
 
cm s-1 
 
ρ 
 
 
fluid density 
 
kg m-3 
 
TKE 
 
 
turbulent kinetic energy 
 
g cm-1 s-2 
 
u’v’*, u’w’*, v’w’* 
 
 
Reynolds stress components 
 
dimensionless 
 
τr* 
 
 
Reynolds stress 
 
dimensionless 
 
u’i*, v’i*, w’i* 
velocity deviation from mean 
normalized by average 
deviation 
 
dimensionless 
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APPENDIX II: RAW DATA FROM PAPER RELEASE 
 
 
Flood 1 Flood 2 Flood 3 Flood 4 Flood 5 Flood 6 Flood 7 Flood 8
raw number
Boulder 38 47 57 46 45 27 32 22
Bed 70 21 22 13 14 11 7 7
Bank 8 18 9 4 8 6 4 5
Backwater 30 9 7 7 5 7 11 13
Sticks 66 74 71 76 70 77 74 70
Large Wood 73 56 27 26 20 16 13 16
total 285 224 193 172 162 144 141 133
caught 28 20 16 15 10 8 11 8
recovered 23 29 0 8 5 2 11 5
total moved ou 51 49 16 23 15 10 22 13
grand total 336 274 209 195 177 154 163 146
missing 64 11 15 -2 -5 8 -19 -5
percentage of remaining
Boulder 13.33 20.98 29.53 26.74 27.78 18.75 22.70 16.54
Bed 24.56 9.38 11.40 7.56 8.64 7.64 4.96 5.26
Bank 2.81 8.04 4.66 2.33 4.94 4.17 2.84 3.76
Backwater 10.53 4.02 3.63 4.07 3.09 4.86 7.80 9.77
Stick 23.16 33.04 36.79 44.19 43.21 53.47 52.48 52.63
Large Wood 25.61 25.00 13.99 15.12 12.35 11.11 9.22 12.03
Total 100 100 100 100 100 100 100 100
Percent of total orginal
Boulder 9.5 11.75 14.25 11.5 11.25 6.75 8 5.5
Bed 17.5 5.25 5.5 3.25 3.5 2.75 1.75 1.75
Bank 2 4.5 2.25 1 2 1.5 1 1.25
Backwater 7.5 2.25 1.75 1.75 1.25 1.75 2.75 3.25
Stick 16.5 18.5 17.75 19 17.5 19.25 18.5 17.5
Large Wood 18.25 14 6.75 6.5 5 4 3.25 4
Total 71.25 56 48.25 43 40.5 36 35.25 33.25
Appendix IIA: Number of leaves retained by each structure over time,  calculated percent of 
leaves remaining in the channel, and calculated percent of leaves originally released. Paper 
release 1 n=400. 
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Appendix IIB: Number of leaves retained by each structure over time,  calculated percent of 
leaves remaining in the channel, and calculated percent of leaves originally released. 
Paper release 2 n=800.    
 
Flood 
1 
Flood 
2 
Flood 
3 
Flood 
4 
Flood 
5 
Flood 
6 
Flood 
7 
Flood 
8 
Flood 
9 
raw number          
          
Boulder 121 97 66 63 52 48 45 26 31 
Bed 98 49 22 18 27 13 11 16 7 
Bank 20 19 13 14 19 15 13 12 12 
Backwater 35 35 21 21 21 21 21 21 21 
Sticks 221 200 182 181 166 155 157 153 163 
Large Wood 40 46 30 33 19 8 31 8 10 
Total 535 446 334 330 304 260 278 236 244 
caught 83 61 31 9 12 20 16 14 7 
recovered 66 46 41 0 12 35 11 6 5 
total moved 149 107 72 9 24 55 27 20 12 
Grand Total 684 553 406 339 328 315 305 256 256 
missing 116 -18 40 -5 2 -11 -45 22 -20 
          
percentage of 
remaining         
          
Boulder 22.62 21.75 19.76 19.09 17.11 18.46 16.19 11.02 12.70
Bed 18.32 10.99 6.59 5.45 8.88 5.00 3.96 6.78 2.87 
Bank 3.74 4.26 3.89 4.24 6.25 5.77 4.68 5.08 4.92 
Backwater 6.54 7.85 6.29 6.36 6.91 8.08 7.55 8.90 8.61 
Stick 41.31 44.84 54.49 54.85 54.61 59.62 56.47 64.83 66.80
Large Wood 7.48 10.31 8.98 10.00 6.25 3.08 11.15 3.39 4.10 
Total 100 100 100 100 100 100 100 100 100 
          
Percent of total original         
          
Boulder 15.13 12.13 8.25 7.88 6.50 6.00 5.63 3.25 3.88 
Bed 12.25 6.13 2.75 2.25 3.38 1.63 1.38 2.00 0.88 
Bank 2.50 2.38 1.63 1.75 2.38 1.88 1.63 1.50 1.50 
Backwater 4.38 4.38 2.63 2.63 2.63 2.63 2.63 2.63 2.63 
Stick 27.63 25.00 22.75 22.63 20.75 19.38 19.63 19.13 20.38
Large Wood 5.00 5.75 3.75 4.13 2.38 1.00 3.88 1.00 1.25 
Total 66.88 55.75 41.75 41.25 38.00 32.50 34.75 29.50 30.50
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